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Abstract 

This  report  offers  details  regarding  the  theory  and  mathematical 
formulations  used  within  the  newly  developed  nutrient  simulation  modules 
(NSMs)  and  its  supporting  water  quality  modules.  The  NSMs  model  the 
aquatic  ecosystem  by  computing  the  changing  concentrations  of  water 
quality  constituents  in  a  unit  volume  of  water.  The  NSMs  includes  two 
kinetics:  NSMI,  NSMII.  The  levels  of  NSMs  are  determined  by  the  number 
of  interacting  state  variables  involved  in  water  quality  simulation  and  the 
degree  of  their  interactions.  NSMI  models  algae  and  benthic  algae  biomass, 
simple  nitrogen  and  phosphorus  cycles,  organic  carbon,  carbonaceous 
biochemical  oxygen  demand,  dissolved  oxygen  and  pathogen  using  16  state 
variables.  Water  quality  state  variables  may  be  individually  activated  or 
deactivated.  Using  24  state  variables,  NSMII  models  multiple  algal  groups, 
benthic  algae,  nitrogen,  phosphorus,  and  carbon  cycles,  carbonaceous 
biochemical  oxygen  demand,  dissolved  oxygen,  and  pathogen.  Additionally, 
an  optional  benthic  sediment  diagenesis  module  was  developed  for  coupling 
with  NSMII’s  water  column  kinetics.  Sediment-water  fluxes  of  dissolved 
oxygen  and  nutrients  are  internally  computed  in  the  sediment  diagenesis 
module.  The  NSMs  and  its  supporting  water  quality  modules  are  written  in 
Fortran  for  Windows  and  are  packaged  as  “plug  in”  dynamic  linked 
libraries.  Each  module  must  be  coupled  with  hydrologic  or  hydraulic  models 
to  perform  water  quality  analysis. 
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Unit  Conversion  Factors 
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By 

To  Obtain 

degrees  Fahrenheit  (°F) 

(F-32)/1.8 

degrees  Celsius  (°C) 

day  (d) 

86400 

second  (s) 

inches  (in) 

25.4 

millimeters  (mm) 

feet  (ft) 

0.3048 

meters  (m) 

square  feet  (ft2) 

0.092903 

square  meters  (m2) 

cubic  feet  (ft3) 

0.028317 

cubic  meters  (m3) 

liter  (L) 

0.001 

cubic  meters  (m3) 

pounds  (mass)  (lb) 

453.59 

grams  (g) 

pounds  (mass)  (lb) 

0.45359 

kilograms  (kg) 

pounds  (mass)  per  cubic  foot  (lb/ft3) 

16.01846 

kilograms  per  cubic  meter  (kg/m3) 

pounds  (mass)  per  square  foot  (lb/ft2) 

4.882428 

kilograms  per  square  meter  (kg/m2) 

pounds  per  square  inch  (psi) 

6.8948 

kilopascals  (kPa) 

atmosphere  (atm) 

1.01325  x  105 

pascals  (Pa) 

millibar  (mb) 

102 

pascals  (Pa) 

gallons  (U.S.  liquid)  (gal) 

3.7854 

liters  (L) 

gallons  (U.S.  liquid)  (gal) 

3.785412  E-03 

cubic  meters  (m3) 

parts  per  million  (ppm) 

1.0 

milligrams  per  liter  (mg/L) 

calorie  (cal) 

4.184 

joule  (J) 

langley  (ly) 

1.0 

calorie  per  square  centimeters  (cal/cm2) 

langley  (ly) 

4184 

joules  per  square  meters  (J/m2) 

langley/day  (ly/d) 

0.484 

watt  square  meters  (W/m2) 
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1  Introduction 

1.1  Background 

The  U.S.  Army  Corps  of  Engineers  (USACE)  has  a  major  responsibility  for 
the  regulation  of  the  Nation’s  streams,  rivers,  and  waterways.  This  often 
requires  developing  water  quality  models  to  resolve  issues  and  concerns 
with  regard  to  the  environment  and  ecosystems.  Hydrologic  and  hydraulic 
(H&H)  models,  which  are  state-of-the-art  tools,  have  been  developed  and 
maintained  by  USACE.  Examples  of  these  include:  HEC-RAS  (Hydrologic 
Engineering  Center- River  Analysis  System),  HEC-HMS  (Hydrologic 
Engineering  Center- Hydrologic  Modeling  System),  GSSHA  (Gridded 
Surface  Subsurface  Hydrologic  Analysis),  and  ADH  (Adaptive  Hydraulics). 
The  further  enhancement  of  these  models  to  support  water  quality  analysis 
and  ecosystem  management  is  needed.  As  a  result  of  this  need,  a  research 
work  unit,  “Development  of  Nutrient  Simulation  Modules,”  was  initiated 
in  the  USACE  System-Wide  Water  Resources  Program  (SWWRP).  The 
roots  of  the  research  extend  back  to  2004.  The  goal  from  inception  for  this 
research  has  been  to  create  “plug  in”  water  quality  modules  as  dynamic 
linked  libraries  (DLLs)  for  a  variety  of  H&H  models  and  to  facilitate 
performing  a  system-wide  water  resources  assessment. 

The  nutrient  simulation  module,  developed  under  the  SWWRP,  includes 
three  components  for  computing  the  water  quality  kinetics  for  the  soil, 
overland  flow,  and  aquatic  systems.  The  USACE  Ecosystem  Management 
and  Restoration  Research  Program  (EMRRP)  sponsored  subsequent 
extension  and  enhancement  of  this  aquatic  nutrient  simulation  module. 
The  aquatic  nutrient  simulation  modules  (called  NSMs  henceforth) 
described  in  this  report  were  specifically  developed  by  the  Environmental 
Laboratory  of  U.S.  Army  Engineer  Research  and  Development  Center 
(ERDC)  for  the  HEC-RAS  model  with  the  potential  of  being  applicable  to 
other  H&H  models. 

1.2  “Plug  In”  Water  quality  Modules 

A  mathematical  model  is  used  to  trace  the  concentration  of  each  of  the 
water  quality  constituents  as  it  is  advected  either  vertically  or  horizontally, 
as  it  diffuses  (by  molecular  or  turbulent  transport)  from  regions  of  high 
concentrations  to  regions  of  low  concentrations,  and  as  it  undergoes 
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chemical  or  biological  reactions.  Transport  and  fate  of  water  quality 
constituents  in  aquatic  systems  are  influenced  by  two  major  categories  of 
processes:  physical  and  biochemical. 

Water  quality  kinetics  refers  to  all  of  the  biochemical  reactions  and 
transformations  of  the  constituents.  Because  of  the  wide  range  of  water 
quality  issues,  a  variety  of  constituents  may  be  included  as  state  variables 
(Thomann  and  Mueller  1987,  Chapra  1997).  As  such,  many  models  with 
water  quality  capability  have  been  developed.  These  models  have  included 
water  quality  kinetics  as  either  separate  modules  or  as  an  internal  part  of 
the  hydrodynamic  models.  Coupled  H&H  and  water  quality  models  are  a 
key  tool  for  analyzing  and  predicting  the  water  quality  of  receiving  water. 
The  NSMs  were  developed  to  address  a  wide  range  of  one-dimensional 
(l-D)  and  two-dimensional  (2-D)  riverine  water  quality  problems.  The 
basic  philosophy  in  developing  the  NSMs  has  been  to  use  as  much  existing 
water  quality  kinetics  as  possible.  However,  appropriate  levels  of  water 
quality  kinetics  for  the  NSM  may  not  exist  for  some  issues.  In  these  cases, 
new  components  or  algorithms  were  derived  from  recent  research  findings 
and  open  source  literature.  The  following  water  quality  models  have  been 
reviewed  to  formulate  appropriate  algorithms  in  NSMs:  QUAL2E  (Brown 
and  Barnwell  1987),  QUAL2K  (Chapra  et  al.  2008),  WASP  (Wool  et  al. 
2006),  CE-QUAL-RIVi  (EL  1995a),  CE-QUAL-W2  (Cole  and  Wells  2008), 
CE-QUAL-ICM  (Cerco  and  Cole  1993,  Cerco  et  al.  2004).  These  water 
quality  models  are  well  established  in  practice. 

The  principal  attributes  of  the  NSM  include  the  following: 

•  The  NSM  solves  internal  source  and  sink  equations  for  each  water 
quality  cell  and  for  each  constituent  or  state  variable.  The  NSM  is 
packaged  as  two  “plug  in”  water  quality  modules  (NSMI  and  NSMII). 
Each  module  must  be  integrated  into  H&H  models  when  performing 
water  quality  analysis. 

•  NSMI  uses  16  state  variables  to  model  algae,  simple  nitrogen  and 
phosphorus  cycles,  the  carbon  cycle,  carbonaceous  biochemical  oxygen 
demand,  dissolved  oxygen,  and  pathogen  in  the  water  column.  Water 
quality  state  variables  may  be  individually  activated  or  deactivated. 

•  NSMII  uses  24  state  variables  to  model  multiple  algae,  nitrogen, 
phosphorus,  and  carbon  cycles  and  carbonaceous  biochemical  oxygen 
demand,  dissolved  oxygen,  and  pathogen.  NSMII  has  the  capability  of 
dynamically  computing  the  sediment  oxygen  demand  and  transfer  of 
constituents  between  the  water  column  and  the  benthic  sediments 
through  a  sediment  diagenesis  module. 
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•  The  algorithms  and  mathematical  formulations  within  newly 
developed  NSMs  have  been  tested  and  verified  with  a  variety  of 
examples,  and  compared  against  other  water  quality  models. 

•  The  modularity  of  NSM  computer  codes  provides  the  flexibility  for 
future  enhancement,  including  the  ability  to  add  additional  state 
variables  and  processes. 

•  The  NSMs  have  been  integrated  into  HEC-RAS  with  a  pre-  and  post¬ 
processer  designed  to  setup  the  model,  perform  the  runs,  and  to 
present  and  analyze  the  results. 

In  this  report,  internal  source  and  sink  terms  or  kinetic  equations  in  water 
quality  modules  are  written  as  derivatives  of  concentration  with  respect  to 
time.  Units  consistent  with  the  Systeme  Internationale  (SI)  are  used.  SI 
base  units  and  their  accepted  symbols  in  this  report  are  meter  (m)  for 
length,  milligram  (mg)  for  mass,  Kelvin  (K)  or  degree  Celsius  (°C)  for 
temperature,  Watts  (W)  for  heat  flux,  and  day  (d)  for  time.  Concentration 
is  expressed  in  milligram  per  liter  (mg  L1). 

1.3  Report  Outline 

In  this  report,  techniques  and  algorithms  included  in  NSMs  and  its 
supporting  water  quality  modules  are  detailed.  This  report  consists  of 
seven  chapters  and  five  appendices,  all  of  which  are  listed  below. 

•  Chapter  l  introduces  the  background  and  topic  of  water  quality 
kinetics. 

•  Chapter  2  briefly  describes  the  water  temperature  simulation  module 
(TEMP). 

•  Chapter  3  describes  the  processes  and  mathematical  equations  in 
NSMI. 

•  Chapter  4  describes  the  processes  and  mathematical  equations  in 
NSMII. 

•  Chapter  5  describes  the  benthic  sediment  diagenesis  module. 

•  Chapter  6  presents  a  framework  for  integrating  water  quality  modules 
into  HEC-RAS. 

•  Chapter  7  presents  summary  and  conclusions. 

•  Appendix  A  summarizes  mathematical  symbols  used  in  the  TEMP. 

•  Appendix  B  summarizes  mathematical  symbols  used  in  NSMI. 

•  Appendix  C  summarizes  mathematical  symbols  used  in  NSMII. 

•  Appendix  D  summarizes  mathematical  symbols  used  in  the  sediment 
diagenesis  module. 
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2  Water  Temperature  Simulation  Module 
(TEMP) 

Water  temperature  is  one  of  the  most  important  physical  characteristics  of 
aquatic  systems.  In  addition  to  its  own  effects,  temperature  influences  all 
biological  and  chemical  reactions  in  water  quality  models.  Virtually  all 
kinetic  rates  are  temperature  dependent.  Therefore,  water  temperature  is  a 
required  input  parameter  to  make  corrections  for  kinetic  rates  in  NSMs. 

This  chapter  briefly  describes  the  water  temperature  simulation  module 
(TEMP).  The  TEMP  includes  two  kinetics  and  utilizes  equations  of 
conservation  of  energy  to  compute  water  temperatures  from  a  full  energy 
balance  or  simplified  energy  balance.  These  equations  express  energy  as  the 
rate  of  energy  flow,  or  flux,  in  units  of  Joules  per  second  (J  s_1)  or  Watts  (W). 
Temperature  is  expressed  in  degrees  Celsius  (°C),  or  in  Kelvin  (K).  The  two 
scales  are  offset  by  273.16  K.  That  is,  o  °C  is  equivalent  to  273.16  K. 

2.1  Full  Energy  Balance 

The  full  energy  balance  accounts  for  heat  inputs  and  outputs  from  the 
forcing  functions  and  for  the  heat  exchange  at  the  water  surface  and  at  the 
sediment-water  interface.  The  main  sources  of  heat  exchange  at  the  water 
surface  are  short-wave  solar  radiation,  long-wave  atmospheric  radiation, 
conduction  of  heat  from  the  atmosphere  to  the  water,  and  direct  heat 
inputs.  The  main  sinks  of  heat  exchange  are  long -wave  radiation  emitted 
by  the  water,  evaporation,  and  conduction  from  the  water  to  the 
atmosphere.  The  schematic  of  sources  and  sinks  of  heat  at  the  air-  and 
sediment-water  interfaces  is  shown  in  Figure  1. 

Figure  1.  Sources  and  sinks  of  water  column’s  heat  energy  (after  Deas  and  Lowney  2000). 
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Units  of  heat  flux  (W  nr2)  are  used  to  describe  heat  exchange  at  the  air- 
water  and  sediment-water  interfaces.  The  sign  convention  used  herein  is 
positive  (+)  for  heat  entering  the  water’s  surface,  and  negative  (-)  for  heat 
leaving  the  water’s  surface.  Net  heat  flux  ( qnet )  for  the  water  column  is 
typically  computed  as 

Qnet  =  Qsu,  +  Qaltn  ~  Qb  +  Qh  ~  Ql  +  Qsed  ’  (Z1) 


where 

qsw  =  short-wave  solar  radiation  flux  (W  m~2), 
qatm  =  atmospheric  (down welling)  long -wave  radiation  flux  (W  m~2), 
qb  =  back  (upwelling)  long-wave  radiation  flux  (W  nm2), 
qh  =  sensible  heat  flux  (W  m~2), 
qi  =  latent  heat  flux  (W  m-2), 
qSed  =  sediment-water  heat  flux  (W  m-2). 

Water  temperature  is  computed  based  on  the  laws  of  conservation  of 
energy.  Heat  and  temperature  are  related  by  the  specific  heat  of  water.  The 
change  in  water  temperature  due  to  a  change  in  net  heat  flux  (qnet)  is 
described  by  the  following  equation 

r)T  A 

=  (Z2> 


where 

Tw  =  water  temperature  (°C), 
t  =  time  (s), 

pw  =  density  of  water  (kg  m~3), 

CPw  =  specific  heat  capacity  of  water  (J  kg-1 001), 

V  =  volume  of  the  water  column  (m3), 

As  =  surface  area  of  the  water  column  cell  (m2), 
qnet  =  net  heat  flux  at  (W  m~2). 

The  density  of  water  is  dependent  on  the  dissolved  salt  content  as  well  as 
the  temperature  of  the  water.  Density  of  seawater  differs  slightly  from  that 
of  pure  water;  its  freezing  point  as  well  as  its  maximum  density  point  is 
lowered  by  dissolved  salt.  Water  has  its  maximum  density  of  l  g  cm~3  at 
4°C.  When  the  temperature  changes  from  either  greater  or  less  than  4°C, 
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the  density  of  water  will  become  less  than  l  g  cm-3.  The  density  of  fresh 
water  can  be  computed  as  a  function  of  temperature  with  the  following 
equation 


P 


w 


999.973 


1.0 


(Tw  -3.9863)2(Tw  +288.9414)' 
508929.2(7;  +68.12963) 


(2.3) 


Each  term  of  heat  fluxes  in  equation  2.1  can  be  computed  from  user- 
specified  meteorological  data  and  is  briefly  discussed  below.  Detailed 
discussion  of  equations  and  mechanisms  can  be  found  from  Water 
Resources  Engineers  Inc.  (1967),  Brown  and  Barnwell  (1987),  and  Deas  and 
Lowney  (2000).  Much  of  this  section  was  adopted  from  HEC  (2010a)  to 
match  the  kinetic  implementations  in  original  water  temperature  model. 

2.1.1  Short-wave  solar  radiation 

The  short-wave  solar  radiation  flux,  qsw,  which  reaches  the  surface  of  the 
earth,  can  be  measured  directly  with  a  pyrheliometer.  Some  U.S.  National 
Weather  Service  (NWS)  stations  record  solar  radiation.  If  observed  data  is 
not  available,  the  qSw  can  computed  as  from  user-specified  information  of 
the  cloudiness,  site  elevation,  site  location,  air  temperature,  vapor 
pressure,  and  the  dust  coefficient 


Qsw  =  qoat(l-Ps)(l-0.65CL2),  (2.4) 


where 

q0  =  extraterrestrial  radiation  (W  m~2), 
at  =  atmospheric  attenuation, 

Rs  =  reflection  coefficient, 

Cl  =  percent  of  sky  covered  by  clouds. 

The  extraterrestrial  radiation  is  expressed  as 

q0  f  (sin  0  sin  8  +  cos  0  cos  8  coshr ),  (2.5) 


where 

Qo  =  solar  constant  (=  1360  W  m~2), 
r  =  normalized  radius  of  the  earth’s  orbit  (unitless), 
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(p  =  latitude  of  the  site  (rad), 

8  =  solar  declination  (rad), 
hr  =  solar  hour  angle  (rad). 

Atmospheric  attenuation,  at,  is  the  fraction  of  radiation  reaching  the  water 
surface  after  reduction  by  scattering  and  absorption.  The  reflection 
coefficient,  Rs,  can  be  computed  as  a  function  of  the  solar  altitude.  Cloud 
cover  may  affect  the  reflection  coefficient.  Solar  declination  is  comprised 
by  the  angle  through  which  a  given  hemisphere  is  tilted  towards  the  Sun.  It 
is  a  function  of  the  day  of  year.  Various  methods  have  been  published  to 
estimate  these  parameters  (Water  Resources  Engineers  Inc.  1967,  Brown 
and  Barnwell  1987).  Solar  radiation  is  always  positive  in  sign  during  the 
day,  zero  during  nighttime  hours. 

2.1.2  Long-wave  atmospheric  radiation 

Longwave  radiation  is  specified  as  one  of  two  types:  downwelling  radiation 
(qatm)  is  emitted  by  the  atmosphere,  upwelling  radiation  (qh)  is  emitted  by 
the  water  surface.  Downwelling  radiation  emitted  by  the  earth’s  atmosphere 
toward  the  water’s  surface  is  positive  in  sign,  and  is  a  strong  function  of  air 
temperature.  The  amount  of  atmospheric  long-wave  radiation  is  affected  by 
clouds  and  particles  in  the  atmosphere.  Long-wave  atmospheric  radiation 
flux,  qatm,  is  typically  computed  using  an  empirical  equation 


qatm  =  0.937  •  10"5(1  +  0.17Cl2)<,  (2.6) 


where 


o  =  Stefan-Boltzman  constant  (W  m~2  K_4)5 
Tak  =  air  temperature  (K). 

The  net  flux  of  solar  radiation  and  atmospheric  long -wave  radiation  is 
independent  of  the  water  temperature  and  is  a  function  of  known  or 
observable  meteorological  conditions. 

2.1.3  Back  long-wave  radiation 

Upwelling  radiation  emitted  by  the  water’s  surface  is  negative  in  sign,  and 
represents  a  loss  of  heat  from  the  water.  The  back  (upwelling)  long-wave 
radiation  flux,  qb,  is  a  strong  function  of  water  temperature.  It  is  typically 
computed  using  the  Stefan-Boltzman  Fourth  Power  Radiation  Law 
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qb  =  0.97<tT*k,  (2.7) 

where 

Twk  =  water  temperature  (K). 

2.1.4  Latent  heat  flux 

Energy  associated  with  a  phase  change  is  termed  latent  heat.  A  gain  (or 
loss)  of  energy  occurs  because  of  a  change  in  phase  such  as  condensation 
or  evaporation.  The  magnitude  of  latent  heat  flux  is  a  function  of  water 
temperature  and  atmospheric  conditions  including  vapor  pressure  and 
atmospheric  turbulence.  The  latent  heat  flux,  qi,  is  proportional  to  the 
difference  between  the  saturated  vapor  pressure  at  the  surface  water 
temperature  and  the  actual  vapor  pressure  at  the  air  temperature 

<lt  =  ^T^PwOs  -  ea)f(uw),  (2.8) 

where 

P  =  atmospheric  pressure  (mb), 

L  =  latent  heat  of  vaporization  (J  kg-1),  which  is  a  function  of  water 
temperature, 

es  =  saturated  vapor  pressure  at  water  temperature  (mb),  which  is 
a  function  of  water  temperature, 
ea  =  vapor  pressure  of  overlying  air  (mb), 

Uw  =  wind  speed  measured  at  a  fixed  height  above  the  water  surface 
(m  s-1), 

f(uw)  =  wind  function. 

The  saturation  vapor  pressure  is  the  highest  pressure  of  water  vapor  that 
can  exist  in  equilibrium  within  a  plane,  free  water  surface  at  a  given 
temperature.  It  can  be  computed  using  an  empirical  equation 
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e  =  6984.505294  +  T 


—  188.903931 

2.133357675 


+T 


wk 


+T 


-1.28858097x10' 


+T 


4.393587233-10' 


+T 


-8.023923082 -10'! 


+Twk  -6.136820929-10' 


(2.9) 


Vapor  pressure  is  an  expression  of  the  moisture  content  of  air,  and  is  not  a 
function  of  air  temperature.  Actual  vapor  pressure  may  be  measured 
directly,  or  computed  from  wet  bulb  or  dew  point  temperature  (Id).  The 
difference  es  -  e„  may  be  shown  to  be  proportional  to  the  difference  Tw  -  Td 
(Edinger  et  al.  1974).  When  Tw  >  Td,  water  evaporates  and  qi  is  positive 
(loss  of  heat  from  water),  conversely,  if  Tw  <  Td,  water  condenses  on  the 
surface  and  qi  is  negative  heat  gain). 

2.1.5  Sensible  heat  flux 

Sensible  heat  describes  the  flux  of  heat  through  molecular  or  turbulent 
transfer  between  the  air  and  water  surface.  The  amount  of  heat  gained  or 
lost  through  sensible  heat  depends  on  the  gradient  of  temperature  in  the 
vertical  direction.  The  sensible  heat  flux,  qh,  is  typically  computed  using 
the  following  equation 

qh  =  (I;)  CpPw(Ta  -  Tw)f  (uw),  (2.10) 


where 

CP  =  specific  heat  capacity  of  air  at  constant  pressure  (J  kg-1 01), 

Ta  =  air  temperature  (°C), 

Kh/Kw  =  diffusivity  ratio  (unitless). 

The  direction  of  heat  transfer  depends  on  which  of  the  two  temperatures  is 
higher,  qh  is  positive  (a  net  gain  from  the  water)  when  the  air  temperature 
is  greater  than  the  water  temperature  and  is  negative  when  Tw  >  Ta.  The 
diffusivity  ratio  {Kh/Kw)  is  a  parameter  that  allows  the  user  to  partition 
flux  between  latent  and  sensible  heat.  The  diffusivity  ratio  is  generally  set 
to  unity  but  the  model  allows  it  to  range  between  0.5  and  1.5.  A  range  of 
0.9  to  1.1  is  recommended. 
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The  wind  function  varies  slightly  for  sensible  and  latent  heat;  however,  the 
same  wind  function  may  be  used  for  most  water  temperature  applications. 
The  wind  speed  function  attempts  to  characterize  the  turbulent  exchange 
characteristic  between  the  water  surface  and  the  overlying  air  mass.  The 
wind  speed  function  is  typically  an  empirical  expression  that  is  adjustable 
using  the  a,  b,  and  c  coefficients. 

/W  =  f(Ri)(a  +  b  -i4),  (2.11) 


where 

a  =  user-defined  coefficient  on  the  order  of  to-6  (mb1  m  s1), 
b  =  user-defined  coefficient  on  the  order  of  to-6  (mb1  m  s1), 
c  =  user-defined  coefficient  on  the  order  of  one, 
f(Ri)  =  function  of  Richardson  number. 


The  coefficient  ‘a’  represents  vertical  convection  occurring  even  when 
wind  speed  is  zero,  and  is  typically  small,  generally  becoming  significant 
only  for  artificially  heated  waters.  In  general,  the  coefficient  ‘b’  increases 
with  increasing  turbulence,  and  decreases  with  a  stable  atmosphere,  and 
can  vary  by  more  than  50%  (Fischer  et  al.  1979).  The  wind  speed  is 
measured  at  a  2  m  height.  The  following  equation  converts  wind  speed 
from  any  measurement  height  to  2  m 


u 


w2 


Hz/z  o)u 

ln(2/z0) 


(2.12) 


where 

Uw2  =  wind  speed  measured  at  2  m  height  (m  s_1), 
z  =  station  height  (m), 
z0  =  wind  roughness  height  (m). 

Typical  values  of  z0  include  0.001  m  for  wind  speed  <  2.3  m  s1,  0.015  m 
for  wind  speed  >  2.3  m  s_1,  and  range  from  0.00015  to  0.01  m  (Cole  and 
Wells  2008). 

f(Ri)  is  a  function  of  air  temperature,  water  temperature,  and  wind  speed, 
varying  from  .03  under  very  stable  conditions  to  12.3  under  unstable 
conditions.  Without  the  Richardson  number  (Ri)  included  in  the  wind 
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function,  the  function  tends  to  underestimate  mixing  processes  under 
unstable  atmospheric  conditions  and  thus  under  predicts  the  surface 
fluxes.  The  converse  is  also  true.  The  function  tends  to  overpredict  the 
surface  fluxes  under  stable  conditions.  The  Ri  is  a  measure  of  atmospheric 
stability  and  can  be  computed  as 


n  _  P  ( Pair  Psat  )  *  ^ 

^i  2 

Pair^w 


(2.13) 


where 

Ri  =  Richardson  number, 
g  =  acceleration  of  gravity  (=  9.806  m  s~2), 
pair  =  density  of  moist  air  (at  air  temperature)  (kg  m-3), 

Psat  -  density  of  saturated  air  (at  water  temperature)  (kg  m-3). 

The  Ri  is  positive  for  stable  atmospheric  conditions,  negative  for  unstable, 
and  near  zero  for  neutral  conditions.  f(Ri)  is  estimated  from  Ri  using  the 
following  relationships 

For  an  unstable  atmosphere  ( pair  >  psat ), 


f(Ri)  =  12.3,  Ri  <  -1,  (2.14a) 

f(Ri )  =  (1  -  22 Ri)+0  8,  -1  <  Ri  <  -0.01.  (2.14b) 

For  a  neutral  atmosphere, 

f(Ri )  =  1,  -0.01  <  Ri  <  +0.01.  (2.14c) 

For  a  stable  atmosphere  ( pair  <  psat ), 

f(Rt )  =  (1  -  34«i)-0'8  0.01  <  Ri  <  2,  (2.14d) 

f(Ri)  =  0.03,  Ri>  2.  (2.14e) 


At  least  one  full  meteorological  data  set  must  be  provided  when  applying 
the  above  full  energy  balance  temperature  simulation  module.  As  a 
minimum,  a  time  series  of  the  following  information  at  the  meteorological 
station  is  required,  e.g.  short-wave  solar  radiation,  atmospheric  pressure, 
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air  temperature,  humidity,  wind  speed,  and  cloud  cover.  Because  of  large 
fluctuations  in  air  temperature  and  solar  radiation,  hourly  meteorological 
data  are  typically  required. 

2.1.6  Sediment-water  heat  flux  and  sediment  temperature 

Sediment  heat  exchange  with  water  is  generally  small  when  compared  to 
surface  heat  exchange  and  this  exchange  has  often  been  neglected  in 
modeling  water  temperature.  However,  heat  exchange  between  benthic 
sediments  and  the  water  column  is  significant  for  shallow  water.  Therefore, 
sediment  heat  exchange  is  included  in  the  full  energy  temperature  simula¬ 
tion  module.  Sediment  temperature  is  modeled  from  the  sediment-water 
interface  down  to  a  user-defined  depth.  The  only  source  or  sink  of  sediment 
temperature  included  in  the  temperature  simulation  module  is  the  exchange 
with  the  water  column.  The  heat  balance  for  the  sediment  layer  can  be 
written  as 


PSC 


dT 


sed 


ps 


dt 


Qsed 


(2.15) 


The  sediment-water  heat  flux  ( qnet )  in  equation  2.15  is  expressed  as 


Qsed 


PsC . 


as  (T 

pso1k[ sed 


(2.16) 


where 

Tsed  =  sediment  temperature  (°C), 
h2  =  active  sediment  layer  thickness  (m), 
as  =  sediment  thermal  diffusivity  (m2  s_1), 
ps  =  density  of  sediments  (kg  m~3), 

CPs  =  specific  heat  capacity  of  sediments  (J  kg-1 °C_1)- 

Equation  2.15  states  that  the  time  change  of  heat  storage  within  a  well- 
mixed  sediment  layer  is  equal  to  the  heat  exchange  between  the  sediment 
and  the  overlying  water.  Sediment -water  heat  flux,  qsed,  is  a  function  of 
water  temperature,  sediment  temperature,  heat  storage  capacity  of 
sediment  material,  and  thermal  diffusivity  of  sediment  material. 

Thermal  conductivity,  as,  is  a  measure  of  the  ability  of  the  bed  sediment  to 
conduct  heat.  as  is  not  a  simple  constant  for  a  particular  bed.  It  varies  in 
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both  depth  and  time,  depending  upon  sediment  porosity  and  moisture 
content.  Chapra  et  al.  (2008)  provided  values  for  as  with  a  range  of  0.002- 
0.012  cm2  s_1  or  a  recommended  value  of  0.005  cm2  s-1.  Chapra  et  al. 
(2008)  also  provided  values  of  the  product  ps  ■  cps  for  various  types  of  bed 
materials  (Table  1). 


Table  1.  Thermal  properties  of  various  sediment  materials  (Chapra  et  al.  2008). 


Material 

Conductivity 

Diffusivity 

P 

cP 

P-Cp 

cal  s_1  cm-1  “C1 

cm2  s_1 

gem3 

cal  (g  °C)_1 

cal  (cm3  0C)_1 

Sediment  samples 

Mud  flat3 

0.0044 

0.0048 

0.906 

Sand3 

0.006 

0.0079 

0.757 

Mud  sand3 

0.0043 

0.0051 

0.844 

Mud3 

0.0041 

0.0045 

0.903 

Wet  sandb 

0.004 

0.007 

0.57 

Sand  23%  saturation  with 
water3 

0.0044 

0.0126 

0.345 

Wet  peatb 

0.0009 

0.0012 

0.717 

Rockd 

0.0042 

0.0118 

0.357 

Loam  75%  saturation 
with  water3 

0.0043 

0.006 

0.709 

Lake,  gelatinous 
sedimente 

0.0011 

0.002 

0.55 

Concrete3 

0.0037 

0.008 

0.46 

Average  of  sediment 
samples 

0.0037 

0.0064 

0.647 

Component  materials 

Water 

0.0014 

0.0014 

1.00 

0.999 

1.000 

Clay 

0.0031 

0.0098 

1.49 

0.210 

0.310 

Soil  (dry) 

0.0026 

0.0037 

1.50 

0.465 

0.700 

Sand 

0.0014 

0.0047 

1.52 

0.190 

0.290 

Soil  (wet) 

0.0043 

0.0045 

1.81 

0.525 

0.950 

Granite 

0.0069 

0.0127 

2.70 

0.202 

0.540 

Average  of  sediment 
samples 

0.0033 

0.0061 

1.67 

0.432 

0.632 

a  Andrews  and  Rodvey  (1980). 
b  Geiger  (1965). 

c  Nakshabandi  and  Kohnke  (1965). 
d  Chow  et  al.  (1988  and  Carslaw  and  Jaeger  (1959). 
e  Hutchinson  (1957),  Jobson  (1977),  Likens  and  Johnson  (1969). 
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The  following  default  values  are  set  within  the  full  energy  balance 
temperature  simulation:  ps  =  1.6  g  cm~3  and  Cps  =  0.4  cal  g_1  °C_1,  which 
correspond  to  a  product  (ps  •  cps)  of  0.64  cal  cm~3  °C_1.  The  thickness  of  the 
benthic  sediment  layer  is  set  by  default  to  10  cm  to  capture  the  effect  of  the 
benthic  sediments  on  the  diel  heat  budget  for  the  water. 

2.2  Simplified  Energy  Balance 

Unfortunately,  the  above  temperature  simulation  module  with  all  the 
sources  and  sinks  of  heat  exchange  requires  measurements  from  a  number 
of  variables  and  coefficients  that  are  not  always  readily  available. 

Following  Edinger  et  al.  (1974),  the  simplified  energy  balance  is  computed 
based  on  an  approximate  heat  balance  derived  by  dew  point  temperature, 
short-wave  solar  radiation,  and  wind  speed  parameters.  This  approach 
simplifies  the  mathematical  relationships  of  a  complete  energy  balance 
and  requires  less  input  data.  It  assumes  an  equilibrium  temperature,  Teq, 
will  be  reached  under  steady-state  meteorological  conditions.  The  net  heat 
input,  Kr(Teq  -  Tw),  is  assumed  to  be  proportional  to  the  difference  of  the 
actual  temperature,  Tw,  and  the  equilibrium  temperature,  Teq.  Under  a 
simplified  energy  balance,  the  change  in  water  temperature  due  to  a 
change  in  net  heat  flux  is  described  by  (Thomann  and  Mueller  1987) 

P„C„^  =  fa(T„-Tw),  (2.17) 


where 

Kt  =  overall  heat  exchange  coefficient  (W  m-2  °C_1), 

Teq  =  equilibrium  temperature  (°C). 

The  overall  heat  exchange  coefficient,  Kt,  is  computed  from  empirical 
relationships,  which  include  wind  speed,  dew  point  temperature,  and 
water  temperature  (Edinger  et  al.  1974) 


Kt  =  4.5  +  0.057;  +  0  •  f(uj  +  0.47/(u  J .  (2.18) 


The  wind  function  and  j 6  are  expressed  as 


f(uJ  =  9.2  +  0A6u2w7, 


(2.19) 
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P  =  0.35  +  0.015  —  JrTw  +0.0012 
2 


(2.20) 


where 

Uw7  =  wind  speed  measured  at  7  m  height  (m  s_1). 

The  wind  speed  at  7  m  can  be  computed  from  user-specifed  wind  speed  at 
2  m.  Equilibrium  temperature  is  an  important  concept  used  in  water 
temperature  modeling.  Equilibrium  temperature  is  attained  when  all 
meteorological  conditions  remain  constant  with  respect  to  both  space  and 
time,  and  the  water  is  allowed  to  reach  a  steady  temperature  in  response  to 
such  static  meteorological  conditions.  The  equilibrium  temperature,  Teq, 
can  be  computed  from  an  empirical  relationship  involving  the  overall  heat 
exchange  coefficient,  Kt,  the  dew  point  temperature,  Td,  and  the  short¬ 
wave  solar  radiation,  qsw 


T  =  t+—-  (2.21) 

e1  d  V 

The  dewpoint  temperature  is  the  temperature  the  air  needs  to  be  cooled  to 
make  the  air  saturated.  The  actual  vapor  pressure  of  the  air  is  the  saturation 
vapor  pressure  at  the  dewpoint  temperature.  The  drier  the  air,  the  larger  the 
difference  between  the  air  temperature  and  dewpoint  temperature.  The 
minimum  data  requirements  at  a  meteorological  station  necessary  to  apply 
the  simplified  energy  balance  temperature  simulation  module  include: 

(1)  dew  point,  (2)  wind  speed,  and  (3)  short-wave  solar  radiation. 

2.3  Temperature  dependent  coefficient  correction 

Reaction  coefficients  and  rates  are  often  measured  at  20°C  in  the 
laboratory.  These  rates  are  required  to  be  corrected  using  local  water 
temperature.  Most  of  temperature  dependent  water  quality  rates  included 
in  NSMs  are  corrected  based  on  a  modified  Arrhenius  Equation: 

k(T)  =  k(  20)9Tw~20,  (2.22) 


where 


k(r)  =  kinetic  rate  at  local  temperature  (d_1), 
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k(2o)  =  measured  kinetic  rate  at  20°C  (d-1), 

6  =  temperature  correction  coefficient. 

The  coefficient  ^usually  ranges  between  1.01  and  1.10.  The  user  specified 
reaction  rates  at  20°C  are  then  corrected  by  the  above  function  to 
determine  rates  corresponding  to  local  water  temperature  (Figure  2). 


Figure  2.  Relationship  of  coefficient  and  water  temperature  defined  in 
Arrhenius  Equation. 


ERDC/EL  TR-16-1 


17 


3  Nutrient  Simulation  Module  I  (NSMI) 

3.1  Overview 

The  NSMI  was  designed  to  conduct  an  aquatic  eutrophication  simulation 
with  simplified  processes  and  minimum  state  variables.  The  algorithms  that 
are  incorporated  into  NSMI  were  derived,  in  part,  from  QUAL2E  (Brown 
and  Barnwell  1987),  QUAL2K  (Chapra  et  al.  2008),  WASP  (Wool  et  al. 
2006),  and  CE-QUAL-RIVi  (EL  1995a).  Both  QUAL2E  and  QUAL2K  are  1- 
D  steady-state,  in-stream  water  quality  models.  QUAL2E  can  model  up  to  15 
constitutes,  mainly  including  conservative  mineral,  algae,  ammonia,  nitrite, 
nitrate,  organic  nitrogen,  phosphate,  organic  phosphorus,  carbonaceous 
biological  oxygen  demand  (CBOD),  dissolved  oxygen  (DO),  and  coliform. 
QUAL2K  is  an  updated  version  of  QUAL2E  with  a  Microsoft  Excel  graphical 
user  interface  (GUI).  Constituents  modeled  in  QUAL2K  include  ammonia, 
nitrate,  organic  nitrogen,  organic  and  inorganic  phosphorous,  CBOD 
speciation,  DO,  algae,  pH,  and  pathogen.  QUAL2K  explicitly  simulates 
attached  bottom  algae  and  sediment-water  interactions.  Sediment- water 
fluxes  of  DO  and  nutrients  are  internally  computed  rather  than  being 
prescribed.  The  Water  Quality  Analysis  Simulation  Program  (WASP)  is  a 
general  dynamic  mass-balance  framework  for  modeling  nutrient  and 
contaminant  transport  and  fate  in  surface  waters.  WASP  can  be  applied  in 
one,  two,  or  three  dimensions  and  includes  standard  eutrophication, 
advanced  eutrophication,  simple  toxicant,  and  mercury  kinetics.  The 
standard  eutrophication  module  predicts  nutrients,  phytoplankton, 
periphyton,  CBOD,  and  DO  dynamics.  CE-QUAL-RIVi  (RIVi)  is  a  l-D 
riverine  hydrodynamic  and  water  quality  model.  RIVi  modeled  water 
quality  constituents  include  temperature,  DO,  CBOD,  organic  nitrogen, 
ammonia,  nitrate,  organic  phosphorus,  orthophosphate,  coliform  bacteria, 
dissolved  iron,  and  dissolved  manganese.  The  effects  of  algae  and 
macrophytes  on  water  quality  constituents  are  modeled  in  RIVi.  The  NSMI 
shares  some  algorithms  and  formulations  with  these  models. 

Figure  3  provides  an  overview  of  the  NSMI  representation  of  water  quality 
state  variables  and  major  processes  involved  in  the  water  column.  The 
nitrogen  cycle  is  composed  of  three  state  variables:  organic  nitrogen, 
ammonium,  and  nitrate.  The  phosphorus  cycle  consists  of  organic 
phosphorus  and  inorganic  phosphorus.  The  carbon  cycle  consists  of 
particulate  and  dissolved  organic  carbon  and  dissolved  inorganic  carbon. 
CBOD,  pathogen,  and  alkalinity  are  also  modeled  in  NSMI.  The  NSMI  does 
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not  model  benthic  sediment  processes  but  takes  account  of  only  sediment 
oxygen  demand  (SOD)  and  sediment  release  of  inorganic  nutrients. 


Figure  3.  Water  quality  state  variables  and  major  processes  modeled  in  NSMI. 


NSMI  models  up  to  16  state  variables.  Table  2  lists  the  NSMI’s  state 
variables  and  the  symbols.  Chla,  D,  C,  N,  P  and  02  under  the  units  refer  to 
chlorophyll-a,  dry  weight,  carbon,  nitrogen,  phosphorus,  and  oxygen, 
respectively.  The  colony  forming  unit  (CFU)  is  a  measure  of  viable  bacterial 
numbers.  The  NSMI  allows  the  user  to  selectively  turn  on  and  off  each  state 
variable,  providing  increased  flexibility  in  its  application.  All  state  variables 
must  be  specified  as  “On”  or  “Off.”  When  “On,”  the  NSMI  computes  all 
internal  source  and  sink  terms  associated  with  that  state  variable  for  every 
time  step.  When  “Off,”  no  calculations  are  conducted  for  the  state  variable. 
When  a  state  variable  is  bypassed,  the  user  does  not  need  to  provide  any 
input  parameters,  boundary  concentrations,  or  initial  conditions. 
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Table  2.  Water  quality  state  variables  modeled  in  NSMI. 


Variable 

Definition 

Units 

Option 

Ap 

Algae  (Phytoplankton) 

pg-Chla  L1 

On/Off 

Ab 

Benthic  algae 

g-D  m  2 

On/Off 

OrgN 

Organic  nitrogen 

mg-N  L'1 

On/Off 

NH4 

Ammonium 

mg-N  L1 

On/Off 

N03 

Nitrate 

mg-N  L1 

On/Off 

OrgP 

Organic  phosphorous 

mg-P  L*1 

On/Off 

TIP 

Total  inorganic  phosphorous 

mg-P  L*1 

On/Off 

POC 

Particulate  organic  carbon 

mg-C  L1 

On/Off 

DOC 

Dissolved  organic  carbon 

mg-C  L1 

On/Off 

DIC 

Dissolved  inorganic  carbon 

mol  L1 

On/Off 

POM 

Particulate  organic  matter 

mg-D  L1 

On/Off 

POM2 

Sediment  particulate  organic  matter 

mg-D  L'1 

On/Off 

CBODi 

Carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

0-10 

DO 

Dissolved  oxygen 

mg-02  L1 

On/Off 

PX 

Pathogen 

efu  (100  mL)1 

On/Off 

Aik 

Alkalinity 

mg-CaC03  L1 

On/Off 

3.2  Stoichiometric  ratios 

The  stoichiometric  relationships  between  algal  processes  and  those 
resulting  in  the  production  or  consumption  of  other  state  variables,  such 
as  carbon,  nitrogen,  and  phosphorus  are  required  in  water  quality  models. 
In  most  water  quality  modeling  studies,  the  Redfield  ratio  (Redfield  1958) 
is  used  due  to  a  lack  of  site-specific  data.  The  stoichiometric  weights  of 
carbon  (C),  nitrogen  (N),  and  phosphorus  (P)  to  g  mass  units  for  algal  dry 
weight  (D)  are  defined  as 

100  g-D  :  40  g-C  :  7.2  g-N  :  1  g-P. 

The  above  Redfield  ratio  shows  that  carbon  comprises  approximately  40 
percent  of  the  dry  weight  of  aquatic  plant.  Chlorophyll-a  is  more 
commonly  measured  in  aquatic  systems  as  an  estimate  of  algal  biomass. 
The  algal  biomass  is  expressed  in  units  of  pg-Chla  Lr1  or  mg-Chla  nr 3.  With 
this  information,  the  stoichiometric  ratio  relation  can  be  extended  as 


100  g-D  :  40  g-C  :  7.2  g-N  :  1.0  g-P  :  (0.4  ~  1.0)  g-Chla. 
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Chlorophyll-a  exhibits  a  wide  range  of  values,  depending  on  the  nutrient 
status  of  the  algae  (Harris  1986).  Waters  with  less  light  would  tend  to  have 
algae  containing  a  higher  chlorophyll-a  content.  The  ratio  (C:Chla)  of  algal 
carbon  to  a  chlorophyll-a  is  typically  between  about  50  and  too. 

Nitrogen,  phosphorus,  carbon,  and  dry  weight  biomass  can  be  converted 
to  chlorophyll-a  or  any  of  the  other  units  by  using  the  stoichiometric 
ratios.  These  ratios  are  internally  computed  in  NSMI  and  listed  in  Table  3. 


Table  3.  Stoichiometric  ratios  internally  computed  in  NSMI. 


Symbol 

Definition 

Unit 

Formulation3 

r na 

algal  N  :  Chla  ratio 

mg-N  pg-Chla-1 

rna=AWjAWa 

r pa 

algal  P  :  Chla  ratio 

mg-P  pg-Chla  1 

rpa=AWp/AWa 

r ca 

algal  C  :  Chla  ratio 

mg-C  pg-Chla-1 

rca  =  AWj  A  Wa 

r da 

algal  D  :  Chla  ratio 

mg-D  pg-Chla  1 

rda  =  AWd/ A  Wa 

r cd 

algal  C  :  D  ratio 

mg-C  mg-D1 

rcd  =  AWj  A  Wd 

r oc 

O2  :  C  for  carbon  oxidation 

mg-02  mg-C1 

roc  =  32/12 

r on 

O2  :  N  ratio  for  nitrification 

mg-02  mg-N1 

=2-32/14 

rnb 

benthic  algae  N  :  D  ratio 

mg-N  mg-D1 

r„b=BWjBWd 

r pb 

benthic  algae  P  :  D  ratio 

mg-P  mg-D1 

rPb  ~  BWp/BWd 

r cb 

benthic  algae  C  :  D  ratio 

mg-C  mg-D1 

rcb  =  BWj  BWd 

r ab 

benthic  Chla  :  D  ratio 

pg-Chla  mg-D1 

rab  =  BWjBWd 

a  The  symbols  are  defined  in  Table  6. 


Stoichiometric  ratios  associated  with  oxygen  are  also  listed  in  Table  3.  The 
stoichiometric  ratios  for  oxygen  generation  and  consumption  are  derived 
based  upon  a  typical  chemical  reaction  for  the  plant  photosynthesis  and 
respiration  (Chapra  1997).  The  oxidation  of  carbon  organic  matter 
consumes  oxygen  at  a  molar  ratio  of  1:1,  equivalent  to  a  ratio  of  32/12  g-02 
to  1  g-C.  Algal  photosynthesis  produces  oxygen  at  a  molar  ratio  of  1:1, 
equivalent  to  a  ratio  of  32/12  g-02  to  1  g-C.  The  nitrification  consumes 
oxygen  at  a  molar  ratio  of  2:1,  equivalent  to  a  ratio  of  2  •  32/14  g-02  to  1  g-N. 

3.3  Algae 

Aquatic  plants  serve  as  focal  points  in  the  nutrient  cycles.  The  growth  and 
proliferation  of  aquatic  plants  result  in  water  quality  degradation,  or 
eutrophication.  Phytoplankton  concentrations  also  provide  one  estimate  of 
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the  eutrophication  potential  for  the  aquatic  environment  and  an  indication 
of  a  potential  problem.  Aquatic  plants  include  two  very  broad  categories: 
(l)  those  that  move  freely  with  water  and  (2)  those  that  remain  fixed  or 
attached  to  the  bottom.  Both  categories  are  commonly  included  as  state 
variables  in  water  quality  models  because  they  affect  DO  and  nutrient 
cycles  in  aquatic  environments,  and  because  excessive  algae  populations 
are  an  environmental  concern.  The  first  category  includes  the  microscopic 
phytoplankton  and  free-floating  water  weeds  or  certain  types  of  plants. 
Both  NSMI  and  NSMII  refer  to  this  category  simply  as  algae.  Two  general 
approaches  have  been  used  to  model  floating  algae  in  water  quality  models 
(Bowie  et  al.  1985): 

•  Aggregating  all  algae  into  a  single  constituent 

•  Aggregating  the  algae  into  a  few  dominant  functional  groups  (for 
example,  green  algae,  blue  greens,  diatoms,  etc.) 

NSMI  uses  the  first  approach,  and  NSMII  uses  the  second  approach.  Algal 
biomass  in  aquatic  environments  can  be  estimated  in  three  ways: 

1.  Quantifying  chlorophyll-a 

2.  Measuring  carbon  biomass  as  ash-free  dry  mass 

3 .  Measuring  the  particulate  organic  carbon 

The  chlorophyll-a  procedure  measures  photosynthetic  pigment  common 
to  all  types  of  algae.  The  second  and  third  approaches  measure  the  carbon 
in  a  filtered  water  sample.  Both  NSMI  and  NSMII  model  the  change  in 
algal  biomass  expressed  as  mg-Chla  L1  for  phytoplankton  but  as  g-D  nr2 
for  benthic  algae.  Because  benthic  algae  can  collect  inorganic  sediments,  it 
is  important  to  measure  it  as  ash-free  dry  mass. 

3.3.1  Algae  kinetics 

Algal  source  is  photosynthesis  or  growth;  and  the  sinks  include  respiration, 
mortality,  and  settling.  Photosynthesis  is  the  process  by  which  algae  uses 
sunlight  to  convert  carbon  dioxide  (C02)  into  a  food  source  and  releases 
oxygen  as  a  by-product.  Respiration  is  the  opposite  of  photosynthesis, 
indicating  the  products  of  photosynthesis  become  reactants  in  respiration 
and  vice-versa.  Because  it  requires  light,  photosynthesis  occurs  only  during 
daylight  hours.  Respiration,  on  the  other  hand,  occurs  24  hours  a  day.  Algal 
mortality  produces  organic  matter  that  eventually  decays  and  further  uses 
DO.  Algal  respiration  and  decomposition  contribute  to  high  oxygen 
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demands.  The  rates  of  growth,  production,  respiration,  and  mortality  are 
derived  from  the  change  of  the  algae  biomass  over  a  time  step.  The  internal 
source  (+)  and  sink  (-)  equation  for  algal  biomass  can  be  written  as 


Algal  growth, 

(3.1a) 

-  krp  (T)  ■  Ap 

Algal  respiration, 

-kdp(T)-Ap 

Algal  mortality, 

—  Vsa  A 
h  Ap 

Algal  settling, 

where 

AP  =  algae  (pg-Chla  L1), 
jup  =  algal  growth  rate  (d1), 
krp(T)  =  algal  respiration  rate  (d1), 
kdp(T)  =  algal  mortality  rate  (d1), 

Vsa  =  algal  settling  velocity  (m  d-1). 

Above  modeled  algae  can  be  converted  to  dry  weight  biomass  by 

Apd=rdaAp’  (3'lb) 


where 

v da  =  algal  D  :  Chla  ratio  (mg-D  pg-Chla-1), 

APd  =  algae  (dry  weight)  (mg-D  L-1). 

3.3.2  Algal  growth  rate 

The  growth  rate  of  algae  depends  on  three  principal  components: 
temperature,  light,  and  nutrients  (ammonium  and  nitrate  and  inorganic 
phosphorus).  Like  many  water  quality  models,  limiting  the  effects  of 
temperature,  light,  and  nutrients  can  be  used  to  correct  the  maximum 
growth  rate.  Three  alternative  (sets  of)  formulations  are  available  for 
calculating  the  algal  growth  rate  in  NSMI:  (l)  multiplicative;  (2)  limiting 
nutrient;  and  (3)  harmonic  mean. 
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Multiplicative  option: 

This  option  multiplies  the  growth  limiting  factors  for  light,  nitrogen,  and 
phosphorus  together  to  determine  their  net  effect  on  the  local  algal  growth 
rate.  Each  of  these  factors  is  independent;  and  under  optimal  conditions, 
each  limiting  factor  has  a  value  of  one.  If  not  optimal,  it  is  given  a 
fractional  value.  This  option  has  its  biological  basis  in  the  multiplicative 
effects  of  the  enzymatic  processes  involved  in  photosynthesis.  The  algal 
growth  rate  is  expressed  as 

=  bm.*p (T)FL  ■  FN  ■  FP ,  (3.2) 

where 

jUmxp(T)  =  maximum  algal  growth  rate  (d1), 

FL  =  light  limiting  factor  for  algal  growth  (o-i.o), 

FN  =  N  limiting  factor  for  algal  growth  (o-i.o), 

FP  =  P  limiting  factor  for  algal  growth  (o-i.o). 

Nutrient  limiting  option: 

This  option  computes  the  local  algal  growth  rate  as  limited  by  light  and 
either  nitrogen  or  phosphorus.  The  nutrient  and  light  effects  are 
multiplicative,  but  the  nutrient  effects  are  alternative  with  the  smaller 
limitation  factor.  This  approach  mimics  Liebig’s  law  of  the  minimum.  The 
algal  growth  rate  is  expressed  as 

bp  =finapmFL-rnm(FN,FP).  (3.3) 


Harmonic  mean  option: 

The  harmonic  mean  is  mathematically  analogous  to  the  total  resistance  of 
two  resistors  in  parallel  and  is  a  compromise  between  the  previous  two 
options.  The  algal  growth  rate  is  controlled  by  a  multiplicative  relation 
between  light  and  nutrients  while  the  nutrient  limitation  is  represented  by 
a  harmonic  mean.  The  algal  growth  rate  is  expressed  as 


bP=b,rapmEL 


2 

1/FN  +  l/FP' 


(3.4) 
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3.3.2. 1  Light  limitation 

Light  is  important  as  the  controlling  factor  for  photosynthesis  and  algal 
growth.  The  term  light  is  used  loosely  here  to  refer  to  photosynthetically 
active  radiation  (PAR)  in  the  waveband  400  to  700  nm.  The  light  limiting 
factor  for  algal  growth  is  computed  based  on  PAR  intensity  by  using  the 
following  three  alternative  sets  of  formulations:  Half-saturation  function 
(Baly  1935),  Smith’s  function  (Smith  1936),  or  Steele’s  function  (Steele 
1962).  QUAL2E  and  QUAL2K  models  use  these  same  formulations.  All 
mathematical  relationships  show  an  increase  in  photosynthesis  rate  with 
increasing  light  intensity  up  to  a  maximum  or  saturation  value  (Figure  4). 


Figure  4.  Three  functions  used  for  computing  algal  growth  light  limiting  factor 
_ (Chpara  et  al.  2008). _ 


Half-saturation  function: 


FL 


z 


Smith’s  function: 


FL 


z 


(3.5) 


(3.6) 


Steele’s  function: 


Iz 

=  — ^-exp 
K . 


1-- 


Kr 


FL. 


(3.7) 
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where 

FLZ  =  light  limiting  factor  for  algal  growth  at  depth  z, 

Iz  =  PAR  intensity  at  a  depth  z  below  the  water  surface  (W  nr2), 
which  is  radiation  with  a  wavelength  between  400  and  700 
nm, 

Kl  =  light  limiting  constant  for  the  algal  growth  (W  nr2). 

Photosynthesis  occurs  throughout  the  depth  of  the  water  column.  Light 
attenuation  is  simulated  as  an  exponential  decrease  of  light  intensity  with 
depth  according  to  the  Beer-Lambert  law 

Iz  =  /0exp(— Az),  (3.8) 


where 

Io  =  surface  light  intensity  (W  nr2), 

A  =  light  attenuation  coefficient  (nr1), 
z  =  depth  from  the  water  surface  (m). 

The  surface  light  intensity  ( Io )  is  a  portion  of  the  visible  spectrum  and  thus 
is  often  assumed  as  a  fixed  fraction  of  the  short-wave  solar  radiation  used 
in  heat  budget  computations.  Incident  short-wave  solar  radiation  is  often 
measured  directly  at  meteorological  stations;  and  can  be  computed  from 
the  site  location,  time  of  year,  and  cloud  cover  in  the  temperature 
simulation  module.  The  magnitude  of  the  visible  range  is  roughly  half  the 
computed  or  observed  short-wave  solar  radiation  (Chapra  et  al.  2008). 

^o  =  0.47-^,  (3.9) 


where 


qSw  =  incident  short-wave  solar  radiation  (W  nr2). 

The  light  limiting  factor  is  vertically  averaged  over  depth.  Substituting 
equation  3.8  into  equations  3.5,  3.6,  and  3.7,  respectively,  and  integrating 
the  equations  over  the  depth  of  flow  yields  the  following  depth-averaged 
light  limiting  factors. 
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Half-saturation  function: 


FL 


-  1  in 

kl+i0 

Ah 

{kl  +  i0-  e~Xh 

(3.10) 


Smith’s  function: 


FL 


A  h 


-In 
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h 

kJ 
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T 

J0  g-A-h 

K. 

L 

2 

Steele’s  function: 


FL 


2.718 


Ah 


e 


{ h  ]p-X-h 

kr 


(3.11) 


(3.12) 


The  relative  merits  of  these  light  functions  are  discussed  by  various 
authors  (Platt  et  al.  1981,  Field  and  Effler  1982).  The  use  of  Smith’s 
function  is  preferable  over  the  half-saturation  function  if  photoinhibition 
effects  are  considered  as  unimportant. 

3. 3. 2.2  Nutrient  limitation 

Algae  require  nutrients  such  as  ammonia,  nitrate,  and  phosphate  at 
various  levels  depending  on  the  species.  The  nutrient  limitation  factor  is 
determined  by  the  concentration  of  carbon,  nitrogen  and  phosphorus. 
Carbon  is  usually  available  in  excess  and  so  carbon  limitation  is  not 
included  in  NSMI.  Algae  are  capable  of  taking  up  and  storing  sufficient 
nutrients  to  sustain  them.  However,  if  the  timing  of  algal  blooms  is  not 
critical,  intracellular  storage  of  nutrients  can  be  ignored  within  the  model, 
constant  stoichiometry  is  assumed,  and  the  model  is  much  simpler  (Park 
and  Clough  2010).  Therefore,  nutrient  limitation  by  external 
concentrations  is  used  in  NSMI  as  in  many  other  models.  The  nutrient 
limitation  on  algal  growth  is  determined  by  the  single  most  limiting 
nutrient  where  algal  growth  follows  half-saturation  function  kinetics  with 
respect  to  the  important  nutrients.  The  half-saturation  function  is  widely 
used  to  compute  nutrient  limitation  and  primary  productivity  in  water 
bodies.  This  function  relates  aquatic  plants  and  algae  growth  rates  with 
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available  dissolved  nutrients.  The  half-saturation  function  is  evaluated  in 
NSMI  for  both  inorganic  nitrogen  and  phosphorous,  and  the  minimum 
value  is  chosen  to  correct  the  algal  growth  rate.  Algae  are  assumed  to  use 
both  ammonium  and  nitrate  as  sources  of  nitrogen.  The  limiting  factor  for 
the  effect  of  nitrogen  on  algal  growth  rate  is  expressed  as 


FN 


NH4  +  NQ3 
KsN+(NH4  +  N03)  ' 


(3.13) 


Similarly,  the  limiting  factor  for  the  effect  of  phosphorus  on  algal  growth 
rate  is  expressed  as 


FP 


DIP 

KsP  +  DIP’ 


(3.14) 


where 

NH4  =  ammonium  (mg-N  L1), 

NO 3  =  nitrate  (mg-N  Lr1), 

DIP  =  dissolved  inorganic  phosphorous  (mg-P  L1), 

Ksn  =  half-saturation  N  limiting  constant  for  algal  growth  (mg-N  L1), 
Ksp  =  half-saturation  P  limiting  constant  for  algal  growth  (mg-P  Lr1). 

3.3.3  Light  attenuation  coefficient 

Light  attenuation  is  the  loss  of  light  intensity  with  depth  as  a  result  of 
scattering  or  absorption  by  substances  within  the  water  column  and  the 
water  itself.  The  amount  of  light  available  to  algae  and  benthic  algae 
depends  on  both  water  depth  and  the  rate  of  light  attenuation.  The  light 
attenuation  (also  called  extinction)  rate  describes  the  decrease  in  light 
intensity  with  depth  in  the  water  column,  which  is  computed  as  the  sum  of 
several  partial  attenuation  coefficients  reliant  on  the  concentrations  of 
solids  particles  in  suspension  and  their  optical  attributes.  It  includes  the 
baseline  attenuation  rate  for  water,  self  shading  of  plants,  attenuation  due 
to  suspended  sediment  and  particulate  organic  matter,  and  algae.  Baseline 
attenuation  represents  attenuation  from  color  and  other  factors  not  taken 
into  account  by  suspended  solids  and  algae.  The  effect  of  organic  matter 
on  the  light  attenuation  is  considered  based  on  water  column  POC.  The 
light  attenuation  coefficient  is  given  as  (Chapra  et  al.  2008) 
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^  —  K  +K^2mn  +^mPOM  +  \±Ap  +A2(Ap)  ,  (3.15) 


where 

A o  =  background  light  attenuation  (nr1), 

As  =  light  attenuation  by  inorganic  suspended  solids  (L  mg1  nr1), 
Am  =  light  attenuation  by  organic  matter  (L  mg1  nr1), 

Xi  =  linear  light  attenuation  by  algae  (nr1  (pg-Chla  L1)1), 

X2  =  nonlinear  light  attenuation  by  algae  (nr1  (pg-Chla  Lr1)'2^), 
POM  =  particulate  organic  matter  (mg-D  LA), 
mn  =  inorganic  suspended  solid  “n”  (mg  L1). 


The  mn  does  not  include  organic  material  in  the  above  equation. 
Concentration  of  suspended  solids  can  be  computed  from  the  inorganic 
solids  module  (sand-silt-clay). If  the  suspended  solids  have  been 
incremented  in  value  to  include  organic  as  well  as  inorganic  materials 
suspended  in  the  water  column,  then  the  default  values  of  As  and  Am  need  to 
be  adjusted.  The  percentages  of  organic  and  inorganic  material  in  water- 
quality  samples  can  be  determined  using  different  methods  (APHA 1992). 


3.3.4  Solids  partitioning  of  inorganic  phosphorous 

Sorption  can  be  important  in  controlling  both  the  transport  and  fate  of 
inorganic  phosphorus  in  aquatic  systems.  Sorption  reactions  are  usually 
fast  relative  to  other  environmental  processes,  and  therefore  an 
equilibrium  partitioning  is  assumed  within  the  model.  Under  equilibrium 
partitioning,  the  distribution  of  the  inorganic  phosphorus  between 
suspended  solids  and  water  can  be  adequately  described  through  a  linear 
sorption  isotherm.  The  particulate  and  dissolved  fractions  of  inorganic 
phosphorus  are  internally  computed  as 


fc 


dp  1+icr6 


Ek 


po4n 


m„ 


=  1-/, 


pp 


(3.16) 


where 

fdP  =  dissolved  fraction  of  inorganic  P  (0-1.0), 
fPP  =  particulate  fraction  of  inorganic  P  (0-1.0), 
kdPo4n  =  partition  coefficient  of  inorganic  P  for  soild  “n”  (L  kg1). 
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The  partitioning  distribution  coefficient  ( kdpod  is  defined  as  the  ratio  of 
inorganic  phosphorous  concentration  adsorbed  onto  solids  (mass  chemical 
per  mass  solids)  to  concentration  of  inorganic  phosphorous  dissolved  in 
water  (mass  chemical  per  volume  of  water).  It  is  displayed  in  units  of  L  kg1. 
A  wide  range  of  partition  coefficients  for  phosphate  is  found  in  literature. 

3.4  Benthic  Algae 

Benthic  algae  are  those  that  live  on  or  in  association  with  substrata 
(Stevenson  1996).  The  substrata  can  be  natural  or  artificial.  Benthic  algal 
cover  is  a  food  source  for  invertebrates  which  graze  on  the  plant  material 
and  in  turn  the  invertebrates  are  food  sources  for  fish  in  aquatic 
environments  (Finlay  et  al.  2002).  Most  benthic  algae  in  freshwater  habitat 
are  blue-green  algae  (Cyanophyta),  green  algae  (Chlorophyta),  diatoms 
(Bacillariophyta)  or  red  algae  (Rhodophyta)  (Stevenson  1996).  The  term 
periphyton  is  sometimes  used  in  reference  to  benthic  algae  and  sometimes 
in  reference  to  the  entire  attached  community  of  microorganism,  including 
algae,  bacteria,  fungi,  and  protozoa.  To  avoid  confusion,  benthic  algae  is 
used  to  designate  the  algal  community  attached  to  the  bottom  in  NSMI  and 
NSMII. 

Benthic  algae  affect  water  quality  in  various  ways,  and  their  impact  must 
often  be  considered  to  properly  evaluate  aquatic  water  quality  conditions. 
Benthic  algae  growth  involves  the  uptake  of  inorganic  nutrients,  the 
production  of  DO,  and  the  effects  of  alkalinity.  Mortality  produces  organic 
matter.  Modeling  benthic  algae  differ  from  algae  in  a  number  of 
fundamental  ways: 

•  Benthic  algae  do  not  move  with  the  water  current 

•  Benthic  algae  typically  dwell  on  or  near  the  bottom.  Therefore,  they  are 
not  impacted  by  the  average  light  in  the  water  column  but  the  light 
reaching  the  bottom  (substrate) 

•  Benthic  algae  are  limited  by  substrate  available  for  growth.  There  is 
typically  a  maximum  density  for  attached  plants. 

3.4.1  Benthic  algae  kinetics 

NSMI  has  a  state  variable  representing  benthic  algae.  Benthic  algae  biomass 
is  usually  measured  as  AFDM  or  photosynthetic-pigment  content  (for 
example,  chlorophyll-a).  Benthic  algae  are  modeled  in  terms  of  density  per 
unit  bottom  area  (g-D/m2).  The  change  of  benthic  algae  biomass  with 
respect  to  time  is  described  using  the  following  mass  balance  equation 
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&  £ 
II 

3= 

> 

Benthic  algae  growth, 

(3.17) 

-krh(T)-A„ 

Benthic  algae  respiration, 

~  kdb  C)  ■  Ah 

Benthic  algae  mortality, 

where 

Ab  =  benthic  algae  biomass  (g-D  nr2), 
jut  =  growth  rate  for  benthic  algae  (d1), 

Krb(T)  =  benthic  algae  base  respiration  rate  (d1), 
kdb(T)  =  benthic  algae  mortality  rate  (d1). 

Benthic  algal  biomass  is  converted  into  chlorophyll-a  by  the  following 
equation 


Chib  =  rabAb , 


(3.18) 


where 

rob  =  benthic  Chla  :  D  ratio  (pg-  Chlamg-D1), 

Chib  =  benthic  Chla  (mg-Chla  nr2). 

The  conversion  factor  is  based  on  the  average  ratio  of  chlorophyll  a  to 
AFDM.  Production,  respiration,  and  mortality  for  benthic  algae  largely 
follow  the  formulations  for  phytoplankton  as  discussed  above. 

3.4.2  Benthic  algal  growth  rate 

Productivity  of  benthic  algae  is  a  function  of  light  intensity,  temperature, 
and  nutrient  concentrations.  The  benthic  algae  growth  rate  depends  on  the 
availability  of  certain  limiting  resources,  including  light,  nutrients  (N  and 
P),  and  bottom  area  density  (space).  These  effects  are  simulated  as 
limiting  factors  that  attenuate  the  maximum  growth  rate.  Two  alternative 
(sets  of)  formulations  are  included  for  calculating  the  benthic  algae  growth 
rate:  l)  multiplicative  option  and  2)  nutrient  limiting  option.  These 
formulations  are  similar  to  those  for  algae  except  for  the  effect  of  space 
limitation  on  benthic  algal  growth. 
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Multiplicative  option: 


^b=^TiFLb){FNb){FPb)(FSb), 


(3.19) 


where 


jumxb(T)  =  maximum  benthic  algae  growth  rate  (d1), 

FLb  =  light  limiting  factor  for  benthic  algae  growth  (o-i.o), 

FNb  =  N  limiting  factor  for  benthic  algae  growth  (o-i.o), 

FPb  =  P  limiting  factor  for  benthic  algae  growth  (o-i.o), 

FSb  =  bottom  space  density  limiting  factor  for  benthic  algae  growth 
(o-i.o). 


Nutrient  limiting  option: 

Pb=^bFLh-min(FNb,FPb).FSb.  (3.20) 

Temperature  limitation  factor  is  computed  using  Arrhenius  Equation. 

Light  limitation  is  represented  using  three  optional  functions.  Nutrient 
limitation  is  dependent  upon  the  concentrations  of  nitrogen  and 
phosphorous  in  aquatic  systems. 

3.4.2. 1  Light  effect 

The  effect  of  light  on  the  benthic  algae  rate  is  simulated  as  for  algae.  The 
difference  is  that  for  benthic  algae,  the  light  intensity  used  is  the  light 
intensity  at  the  mean  channel  depth  rather  than  the  depth  integrated  value. 
The  light  limitation  factor  for  benthic  algae  growth  is  determined  by  the 
amount  of  PAR  reaching  the  channel  bottom.  Three  alternative  (sets  of) 
formulations  are  included:  half-saturation,  Smith’s,  and  Steele’s  function. 

Half-saturation  function: 


FL 


I0'e 


-Xh 


b  KLb  +  l0-e~Xh  ’ 


(3.21) 


Smith’s  function: 


FL 


b 


(3.22) 
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Steele’s  function: 


FL 
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(3.23) 


where 

KLb  =  light  limiting  constant  for  benthic  algae  growth  (W  nr2). 

3. 4. 2. 2  Nutrient  effect 

Nitrogen  and  phosphorus  limiting  factors  for  benthic  algae  growth  are  c 
computed  as  for  algal  growth  (equations  3.13  and  3.14),  with  the  exception 
that  the  user  may  supply  different  half-saturation  nitrogen  and 
phosphorous  constants  for  benthic  algae 


FNh 


NH4  +  N03 
KsNb  +  (NH4  +  N03)’ 


(3.24) 


FPh 


DIP 

KsPb+DIP’ 


(3.25) 


where 

KsNb  =  half-saturation  N  limiting  constant  for  benthic  algae  growth, 
(mg-N  L1), 

KsPb  =  half-saturation  P  limiting  constant  for  benthic  algae  growth 
(mg-P  L1)- 

3. 4.2. 3  Bottom  density  effect 

Benthic  algae  growth  has  an  additional  limitation  based  on  available 
substrate,  which  includes  the  littoral  bottom  and  the  available  bottom  area. 
Attached  algae  typically  exhibit  lateral  heterogeneity  with  higher  densities  at 
shallower  depths.  A  half-saturation  function  is  used  to  attenuate  the  growth 
rate  of  benthic  algae  as  their  density  on  the  bottom  increases 


F-sb  +  Ab 


(3.26) 
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where 


Ksb  =  half-saturation  density  constant  for  benthic  algae  growth  (g-D  nr2). 

3.5  Nitrogen  Species 

A  simplified  nitrogen  cycle  is  modeled  in  NSMI.  The  nitrogen  cycle 
simulates  the  transformations  of  organic  nitrogen  (OrgN),  ammonium 
(NH4),  nitrite  (NO2)  and  nitrate  (NO3).  In  aerobic  water,  there  is  a 
stepwise  transformation  from  OrgN  to  NH4,  to  NO2),  and  finally  to  NO3. 

Both  algae  and  benthic  algae  are  linked  to  the  nitrogen  cycle  via  the 
processes  of  growth,  respiration,  and  death,  as  shown  in  Figure  3.  Both 
take  up  and  release  nutrients.  As  they  die,  hydrolytic  bacteria  quickly 
recycle  nutrients  into  their  respective  pools  at  specified  ratios  and  rates. 

3.5.1  Organic  nitrogen 

Nitrogen  kinetics  however,  requires  some  representation  of  the  organic 
nitrogen  as  this  generally  makes  up  a  significant  part  of  the  pollution  load. 

The  particulate  and  aqueous  fractions  of  organic  nitrogen  (OrgN)  are 
lumped  together  as  one  state  variable  in  NSMI.  Organic  nitrogen  in  the 
water  column  is  produced  by  both  algae  and  benthic  algae,  and  lost  due  to 
decay  and  settling.  The  production  of  organic  nitrogen  by  algal  death  is 
computed  using  a  stoichiometric  coefficient  representing  the  fraction  of 
nitrogen  content.  Thus,  internal  source  (+)  and  sink  (-)  equation  for  water 
column  OrgN  can  be  written  as 


dOrzN 

d  =kdp(T)-rna-AP  Algal  mortality  (Ap->OrgN),  (3.27) 

- kon (T) •  OrgN  Organic  N  decay  (0rgN->NH4), 


-Ym-OrgN 

h 


Organic  N  settling  (OrgN->Bed), 


+  Tkdb(T)-rnbAbFwFb  Benthic  algae  mortality  (Ab-->OrgN), 
h 


where 


OrgN  =  organic  nitrogen  (mg-N  L1), 
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rna  =  algal  N  :  Chla  ratio  (mg-N  pg-Chla-1), 
kon(T)  =  decay  rate  of  organic  N  into  NH4  (d1), 

Vson  =  organic  N  settling  velocity  (m  d1), 
rnb  =  benthic  algae  N  :D  ratio  (mg-N  mg-D1), 

Fw  =  fraction  of  benthic  algae  mortality  into  the  water  column  (0-1.0), 
Fb  =  fraction  of  bottom  area  available  for  benthic  algae  growth 
(0-1.0). 


Because  organic  nitrogen  is  a  byproduct  of  algae,  computed  organic 
nitrogen  needs  to  be  corrected  for  algal  composition  and  compared  to  total 
organic  nitrogen  (TON)  measurements.  Measured  TON  includes  organic 
nitrogen  and  the  amount  of  nitrogen  incorporated  in  algal  biomass.  Algal 
organic  nitrogen  is  added  to  OrgN  for  comparison  with  measured  TON. 

3.5.2  Ammonium 

The  decay  of  organic  nitrogen  represents  a  source  term  for  water  column 
NH4.  NH4  in  the  water  column  is  assimilated  by  algae  and  benthic  algae 
and  is  converted  to  nitrate  as  a  result  of  nitrification.  The  nitrification 
process  consumes  oxygen.  Algal  uptake  rate  is  based  on  the  fraction  of 
NH4  available  as  compared  to  NO3.  Sediment  releases  of  NH4  can  be 
specified.  The  internal  source  (+)  and  sink  (-)  equation  for  water  column 
NH4  can  be  written  as 


dNII  4 
dt 


=  kon(T) '  OrgN 


-knit(T)-NH  4 


+  Kp(T)-rnaAp 
~  F\Fprna  A p 
+  Kb(T)-rnbAh 

—  T  ^2  Fb  rnb  Ab  k’b 
h 


Organic  N  decay  (0rgN->NH4), 

NH4  nitrification  (NH4->N03), 

Algal  respiration  (AP->NH4), 

Algal  uptake  (NH4->AP), 

Benthic  algae  respiration  (Ab->NH4), 

Benthic  algae  uptake  (NH4->Ab), 


+ 


rnh4 


h 


(3.28) 


Sediment  release  (Bed<->NH4) 
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where 

knit(T)  =  nitrification  rate  of  NH4  to  NO3  (d1), 
rnh4  =  sediment  release  rate  of  NH4  (g-N  nr2  d1), 

Fi  =  preference  fraction  of  algal  N  uptake  from  NH4  (0-1.0), 

F2  =  preference  fraction  of  benthic  algae  N  uptake  from  NH4  (0-1.0). 

For  physiological  reasons,  the  preferred  form  for  algal  uptake  is  NH4. 
Preference  fractions  of  algae  and  benthic  algae  uptake  from  water  column 
NH4  are  computed  as 


p  pn-nha 

1  Pn-NH4  +  (1-Pn)N03’ 


(3.29) 


PmNH  4 


PNb  NH  4  +  (l  —  PNh)  NO  3 


Nb ) 


(3.30) 


where 

Pn  =  NH4  preference  factor  for  algal  growth, 

Pm  =  NH4  preference  factor  for  benthic  algae  growth. 

The  process  of  nitrification  is  carried  out  following  a  two-step  process. 
During  nitrification,  NH4  is  oxidized  into  NO2  first,  then  NO3.  The 
equations  for  nitrification  are  summarized  below. 

nh4  + 1 < o2  ->  no;  +  21  r  no;  +^o2  no; 


The  oxygen  consumed  by  the  above  nitrification  can  be  computed  as  r0n  = 

2  32/14  =  4.57  g-02  g-N-1.  The  nitrification  rate  reduces  at  low  levels  of 
DO,  which  can  be  corrected  by  applying  the  inhibition  correction  factor 
(Brown  and  Barnwell  1987) 

Kit  =^mr(l  — e  K™D°)'  (3-31) 


where 


Knr  =  oxygen  inhibition  factor  for  nitrification  (0.6  -  0.7)  (mg-02  L1). 
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3.5.3  Nitrate 

In  NSMs,  nitrite  is  lumped  into  nitrate  as  it  exists  in  much  smaller 
quantities.  Nitrite  and  nitrate  is  simply  referred  to  as  nitrate  (NO3)  for 
short.  Water  column  NO3  is  formed  by  nitrification  and  removed  by 
denitrification.  Nitrate  is  used  during  photosynthesis.  Denitrifying  bacteria 
are  known  to  flourish  on  the  anaerobic  surface  layer  of  the  sediment 
(Kusuda  et  al.  1994).  Pauer  and  Auer  (2000)  claimed  that  denitrification  is 
generally  a  sediment-based  phenomena  rather  than  one  existing  in  the 
water  column.  However,  denitrification  can  also  occur  in  the  water  column 
where  there  is  NO3  but  little  available  oxygen  (Di  Toro  2001).  Optimum 
conditions  for  denitrification  are  a  high  NO3,  enough  degradable  organic 
material,  a  low  DO,  and  a  high  temperature.  Denitrification  is  limited  by  the 
availability  of  NO3  and  is  inhibited  by  DO.  Following  the  convention  of 
other  water  quality  models  in  representing  denitrification,  NSMI  also 
models  water  column  denitrification.  The  internal  source  (+)  and  sink  (-) 
equation  for  water  column  NO3  can  be  written  as 


dNCB 

dt 


=  kml(T)-NH4 


, _ DB— 

V  Ks0xd„  +  DO  j 


kMt(T)-N03 


-(i-fy)/ykA 


-\^~F2WnbAbFh 

h 


NH4  nitrification  (NH4->N03), 

N03  denitrification  (N03-->Loss), 

Algal  uptake  (N03->AP), 

Benthic  algae  uptake  from  N03  (N03- 
>Ab), 


(3.32) 


h 


Sediment  denitrification  (N03<->Bed), 


where 

kdnit(T)  =  denitrification  rate  (d1), 

KsOxdn  =  half-saturation  oxygen  inhibition  constant  for  denitrification 
(mg-02  L-1), 

Vno3  =  sediment  denitrification  velocity  (md1). 
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3.5.4  Derived  variables 

Derived  variables  related  to  nitrogen  species  are  computed  as 


DIN  =  NHA  +  N03  , 

(3.33a) 

TON  =  OrgN  +  rna  ■  Ap , 

(3.33b) 

TKN  =  NH  4  +  TON  , 

(3.33c) 

TN  =  N03  +  TKN , 

(3.33d) 

where 

DIN  =  dissolved  inorganic  nitrogen  (mg-N  L1), 

TON  =  total  organic  nitrogen  (mg-N  L1), 

TKN  =  total  Kjeldahl  nitrogen  (mg-N  Lr1), 

TN  =  total  nitrogen  (mg-N  Lr1). 

3.6  Phosphorus  Species 

The  phosphorus  cycle  is  simpler  than  the  nitrogen  cycle.  Total  organic 
phosphorus,  dissolved  and  particulate  inorganic  phosphorus  are  modeled 
in  NSMI.  A  reaction  specific  to  the  phosphorus  cycle  is  the  adsorption  and 
desorption  of  inorganic  phosphorus.  Inorganic  phosphorus  can  be  present 
in  a  dissolved  form  and  adsorbed  to  suspended  sediment  particles  (House 
et  al.  1995).  In  waterways,  the  majority  of  phosphorus  is  in  particulate 
form.  Some  of  this  phosphorus  can  readily  become  available  through 
mineralization  or  desorption.  However,  most  of  the  suspended  solids 
attached  to  phosphorus  remain  unavailable.  Because  of  the  association  of 
phosphorus  with  solids,  its  concentration  often  varies  temporally  in 
parallel  with  concentrations  of  suspended  solids  (Ekholm  et  al.  2000). 
Both  algae  and  benthic  algae  are  linked  to  the  phosphorus  cycle  via  the 
processes  of  growth,  respiration,  and  death,  as  shown  in  Figure  3. 

3.6.1  Organic  phosphorus 

NSMI  includes  organic  phosphorus  (OrgP)  as  a  single  state  variable. 
Organic  phosphorus  in  the  water  column  is  produced  by  both  algae  and 
benthic  algae,  and  is  lost  due  to  mineralization  and  settling.  The 
production  of  organic  phosphorus  by  algal  death  is  computed  using  a 


ERDC/EL  TR-16-1 


38 


stoichiometric  coefficient  representing  the  fraction  of  phosphorus  content. 
The  internal  source  (+)  and  sink  (-)  equation  for  water  column  OrgP  can 
be  written  as 

dOvpP 

df  =  Kp(.T)-rPaAp  Algal  mortality  (Ap->OrgP),  (3.34) 

-kop(T)-OrgP  Organic  P  decay  (OrgP->DIP), 

OrgP  Organic  P  settling  (OrgP->Bed), 

h 

+]~kdb(T)-rpbAbFwFb  Benthic  algae  mortality  (Ab->OrgP), 

h 

where 

OrgP  =  organic  phosphorous  (mg-P  Lr1), 
rpa  =  algal  P  :  Chla  ratio  (mg-P  pg-Chla1), 
kop(T)  =  decay  rate  of  organic  P  into  DIP  (d1), 

Vsop  =  organic  P  settling  velocity  (m  d1), 
rPb  =  benthic  algae  P  :  D  ratio  (mg-P  mg-D). 

Computed  organic  phosphorus  also  needs  to  be  corrected  for  algal 
composition  in  order  to  compare  with  total  organic  phosphorus  (TOP) 
measurements.  Measured  TOP  includes  organic  phosphorus  and  the 
amount  of  phosphorus  incorporated  in  algal  biomass.  Algal  organic 
phosphorus  is  added  to  OrgP  for  comparison  with  measured  TOP. 

3.6.2  Total  inorganic  phosphorus 

Inorganic  phosphorous  serves  as  one  of  the  primary  nutrients  for  aquatic 
plants.  Phosphorus  is  often  in  short  supply  in  an  aquatic  ecosystem  and 
limits  plant  and  algal  growth  (Correll  1998,  Carpenter  et  al.  1998). 
Orthophosphate  is  the  major  form  of  biologically  available  phosphorus 
found  in  water.  It  is  usually  present  as  a  combination  of  mono  hydrogen 
phosphate  (HP042~)and  dehydrogen  phosphate  (PLPOv),  depending  on 
pH,  but  for  simplicity  it  is  also  referred  as  phosphate  (P04).  In  water 
quality  reporting,  inorganic  phosphorous  is  usually  referred  to  as  dissolved 
inorganic  phosphorus  (DIP)  or  by  the  technical  term  filterable  reactive 
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phosphorus  (FRP).  Inorganic  phosphorus  is  generally  strongly  adsorbed  to 
sediment  particles  and  organic  matter,  which  make  the  phosphorus 
unavailable  as  a  nutrient  (Tate  et  al.  1995).  Sorption  of  inorganic 
phosphorus  occurs  in  particular  to  the  iron  (III)  oxyhydroxides  in 
sediment  particles.  Other  adsorbing  components  are  aluminum 
hydroxides  and  silicates,  manganese  oxides,  and  organic  matter.  Sorption 
of  inorganic  phosphorous  on  suspended  solids  is  modeled  in  NSMI.  At 
equilibrium,  the  distribution  of  inorganic  phosphorus  between  solids  and 
water  can  be  described  by  a  linear  equilibrium  partitioning  isotherm. 
Rather  than  modeling  two  different  compartments,  NSMI  includes  the 
total  inorganic  phosphorous  (TIP)  as  a  single  state  variable. 

Inorganic  phosphorous  in  the  water  column  is  lost  due  to  uptake  during 
algal  growth  and  solids  settling  and  gained  due  to  sediment  release  and 
the  decay  of  organic  phosphorus.  The  released  phosphorus  may 
significantly  increase  the  biologically  available  pool  of  phosphorous  in 
water.  The  internal  source  (+)  and  sink  (-)  equation  for  water  column  TIP 
can  be  written  as 


=  k  (T)  ■  OrgP 


dTIP 
dt 

-^P-f  TIP 
h  Jpp 


+  Kp(T)-rpaAp 


-V P^P 
Jrkrb(T)-rpbAb 

~rphPh^Fb 

+  V± 

h 


Organic  P  decay  (OrgP->DIP), 

TIP  net  settling  (TIP->Bed), 

Algal  respiration  (Ap->DIP), 

Algal  uptake  (DIP->Ap), 

Benthic  algae  respiration  (Ab->DIP), 

Benthic  algae  uptake  (DIP->Ab), 
Sediment  release  (Bed<-->DIP), 


(3.35) 


where 

TIP  =  total  inorganic  phosphorus  (mg-P  L1), 

Vsp  =  settling  velocity  of  suspended  sediments  (m  d1), 
rPo4  =  sediment  release  rate  of  DIP  (g-P  nr2  d1)- 
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3.6.3  Derived  variables 

The  derived  variables  related  to  phosphorus  species  are  computed  as 


DIP  =  fdpTIP  i 

(3.36a) 

TOP  =  OrgP  +  rpa.Ap, 

(3.36b) 

TP  =  TIP  +  TOP , 

(3.36c) 

where 

TOP  =  total  organic  phosphorus  (mg-P  L1), 

TP  =  total  phosphorus  (mg-P  L1). 

3.7  Particulate  Organic  Matter 

Detritus  or  particulate  organic  matter  (POM)  represents  fine  organic 
materials  suspended  in  the  water  column  but  capable  of  settling  to  the 
bottom.  POM  composition  is  usually  similar  to  that  of  phytoplankton  and 
it  serves  as  a  food  source  for  zooplankton  and  fish.  The  POM  is  subjected 
to  different  processes  within  aquatic  environment.  POM  increases  due  to 
plant  death  and  is  lost  via  dissolution  and  settling.  POM  also  serves  as  a 
surrogate  variable  in  NSMI,  implicitly  simulating  particulate  organic 
carbon  if  this  state  variable  is  turned  off.  However,  carbon,  nitrogen,  and 
phosphorus  in  detritus  are  considered  as  separate  state  variables  in  NSMI. 
The  internal  source  (+)  and  sink  (-)  equation  for  water  column  POM  can 
be  written  as 

dPOM  , 

d  =kdP(T)-rdaAp  Algal  mortality  (Ap->P0M),  (3.37) 

-kpomCn-POM  POM  dissolution, 

_YsonLp0M  POM  settling  (P0M->Bed), 

h 


+  r  kdb(.T)-AbFbFw 

h 


Benthic  algal  mortality  (Ab~>P0M), 
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where 

kpom(T)  =  POM  dissolution  rate  (d1), 

Vsom  =  POM  settling  velocity  (m  d1)- 

When  water  column  POM  settles  to  the  bottom  sediment,  it  is  converted  to 
organic  sediment.  The  benthic  sediment  POM  becomes  a  critical  variable 
for  contaminant  modeling,  therefore  it  is  included  in  NSMI.  Sediment 
POM  consists  of  organic  material  and  benthic  organisms.  Sediment  POM 
is  derived  solely  from  settling  of  algae  and  POM  from  the  water  column. 

The  rate  change  of  sediment  POM  is  determined  by  the  following  mass 
balance  equation 

K  dP0Ml-  =  vsomPOM  +  vsardaA  POM  deposition,  (3-38) 

dt 

+  kdb(T)-AbFb(\-Fw)  Benthic  algal  mortality  (Ab-->P0M2), 

~k2kpom2(T)-POM2  Sediment  POM  dissolution, 

-w2POM2  Sediment  POM  burial, 

where 

h2  =  active  sediment  layer  thickness  (m), 

POM 2  =  sediment  particulate  organic  matter  (mg  L1), 
kPom2(T)  =  sediment  POM  dissolution  rate  (d1), 
w 2  =  sediment  burial  rate  (m  d1)- 

Products  of  sediment  POM  dissolution  increase  amounts  of  sediment 
nitrogen,  phosphorus,  and  carbon.  The  sediment  release  of  these 
constituents  can  be  specified  within  NSMI. 

3.8  Carbonaceous  Biological  Oxygen  Demand 

Carbonaceous  Biological  Oxygen  Demand  (CBOD)  is  included  as  a  state 
variable  in  NSMs.  The  CBOD  kinetics  described  here  are  identical  for  both 
NSMI  and  NSMII.  CBOD,  also  called  ultimate  CBOD  or  CBODU,  is 
modeled.  Biological  oxygen  demand  (BOD)  is  often  measured  (expressed  as 
02)  and  reported  in  water  quality  reports  (Wool  et  al.  2006).  The  BOD 
consists  of  CBOD  and  nitrogenous  biochemical  oxygen  demand  (NBOD) 
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(Figure  5).  CBOD  is  the  concentration  of  organic  material  and  reflects  the 
oxygen  demand  exerted  on  the  water  column  through  oxidation  of  organic 
carbon.  NBOD  is  a  result  of  biochemical  oxidation  of  organics  by 
nitrogenous  bacteria  using  oxygen.  The  CBOD  is  usually  exerted  first 
because  of  the  time  lag  in  the  growth  of  the  nitrifying  bacteria.  Therefore, 
total  five  day  BOD  (BOD5)  is  often  equal  to  five-day  CBOD  (CBOD5). 


Figure  5.  Atypical  oxygen  demand  curve  (Thomann  and  Mueller  1987). 


In  NSMs,  water  column  CBOD  can  be  modeled  up  to  ten  groups  because  of 
the  different  decay  rates  of  each  group.  This  feature  allows  the  user  to  have 
the  input  of  data  that  more  accurately  characterizes  various  CBOD  sources 
and  their  effects  on  DO.  The  algal  contribution  to  CBOD  is  not  included  in 
the  model.  The  CBOD  is  only  subject  to  first-order  oxidation  loss  and 
additional  removal  due  to  sedimentation,  scour  and  flocculation,  which  do 
not  exert  an  oxygen  demand  as  described  in  QUAL2E  (Brown  and  Barnwell 
1987).  However,  the  modeling  of  CBOD  is  an  intercalated  part  of  DO 
modeling  and  the  CBOD  oxidation  stops  if  the  water  becomes  anaerobic. 

The  internal  source  and  sink  equation  for  water  column  CBOD  can  be 
written  as 


dCBOD 

dt 


DO 


K 


sOxbodi 


+  DO 


kbodi(T)-CBODi 


CBOD  oxidation, 


(3.39) 


ksb0di(T) '  CBODi 


CBOD  net  sedimentation, 
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where 


CBODi  =  carbonaceous  biochemical  oxygen  demand  (mg-02  LA), 
kbodi(T)  =  CBOD  oxidation  rate  (d1), 
ksbodi(T)  =  CBOD  sedimentation  rate  (m  d1), 

KsOxbodi  =  half  saturation  oxygen  attenuation  constant  for  CBOD 
oxidation  (mg-02  L1)- 


The  subscript  “i"  in  the  above  equation  is  used  to  represent  a  specific  CBOD 
group.  CBOD  forms  modeled  in  NSMs  are  always  the  ultimate  CBODs. 
CBOD  input  to  the  model  from  boundary  conditions  or  point  sources  must 
also  be  ultimate  CBODs.  However,  CBOD  is  often  determined  by  standard 
methods  that  measure  the  oxygen  consumption  of  a  filtered  sample  during 
laboratory  incubation  and  within  a  defined  period  of  time.  A  much-used 
water  quality  constituent  is  CBOD5  (mg-02  L1),  which  represents  the 
amount  of  oxygen  that  is  consumed  when  a  sample  is  stored  for  five  days  in 
a  dark  environment  at  20°C.  The  ratio  between  CBOD5  and  CBOD  depends 
on  the  decay  rate  of  the  organic  material.  CBOD5  measurements  must  be 
converted  to  CBOD  based  on  individual  CBOD  decay  rates. 


CBOD; 


CBOD5 


(3.40) 


where 

CBOD5  =  5-day  carbonaceous  biochemical  oxygen  demand  (mg-02  L1), 
kbodi  =  CBOD  oxidation  rate  at  20°C  (d1). 

The  CBOD5  to  CBOD  conversion  factor  will  vary  depending  on  the  source 
of  the  CBOD.  Typical  CBOD  /  CBOD5  is  1.2  for  raw  wastewater  and  1.6  for 
primary  /  secondary  wastewater  (Thomann  and  Muller  1987).  Direct 
comparisons  between  CBOD5  measurement  and  the  model  output  cannot 
be  made  using  computed  CBOD.  Thus  it  is  necessary  to  convert  computed 
CBOD  into  CBOD5  or  CBOD5  into  CBOD.  CBOD5  is  computed  as  the  sum 
of  the  contributions  from  dissolved  organic  matter  represented  by  CBOD 
and  dissolved  organic  carbon. 

CBOD5  =  Y^CBOD;  (l  -  e~5fc“i(20) )  +  rocDOC (l  -  e~5k^20) ) ,  (3.41) 


where 
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DOC  =  dissolved  organic  carbon  (mg-C  LA), 

r0c  =  02  :  C  ratio  for  carbon  oxidation  (mg-02  mg-C1), 
kdoc(T)  =  DOC  oxidation  rate  (d1). 

The  CBOD5  shown  above  reflects  only  the  oxidation  of  dissolved  organic 
carbon  and  should  be  used  when  compared  with  a  filtered  laboratory 
CBOD5  measurement.  If  CBOD5  measurements  are  tainted  by  algal 
respiration  and  the  decay  of  algal  carbon,  a  correction  must  be  made  to  the 
computed  CBOD  so  that  a  valid  comparison  to  observed  measurement 
may  be  made. 

3.9  Carbon  Species 

Carbon  has  a  fundamental  role  in  water  quality  processes,  which  cannot  be 
represented  by  CBOD  alone  (Connolly  and  Coffin  1995,  Chapra  1999). 

NSMI  models  a  carbon  cycle  with  three  state  variables.  They  are  particulate 
organic  carbon  (POC),  dissolved  organic  carbon  (DOC),  and  dissolved 
inorganic  carbon  (DIC).  POC  represents  non-living  particulate  detrital 
carbon.  The  POC  levels  are  a  function  of  productivity  in  the  surface  water. 
The  DOC  is  simply  that  portion  of  TOC  that  is  dissolved  in  water  compared 
to  that  portion  of  organic  carbon  in  suspension.  Furthermore,  DOC  forms 
complexes  with  toxic  chemicals  and  trace  metals,  creating  water-soluble 
complexes.  The  dynamics  of  these  chemicals  is  intimately  connected  with 
the  generation,  transport,  and  fate  of  organic  carbon.  Modeling  contami¬ 
nant  sorption  processes  is  not  possible  without  an  estimate  of  the 
particulate  and  dissolved  fractions  of  organic  carbon.  Concentrations  of 
POC  and  DOC  are  required  in  contaminant  transport  modeling  studies  (Tye 
et  al.  1996).  Finally,  organic  carbon  and  other  dissolved  and  particulate 
matter  can  affect  light  penetration  in  aquatic  ecosystems.  Organic  carbon’s 
behavior,  reactivity,  and  fate  in  aquatic  systems  strongly  depend  on  whether 
that  substance  is  present  in  the  dissolved  or  particulate  phases.  Algal 
contribution  is  the  only  source  of  POC  in  the  water  column.  Algal  mortality 
is  fractioned  between  POC  and  DOC. 

Inorganic  carbon  species  in  NSMI  include  carbon  dioxide  (CO2), 
bicarbonate  (HC03  ),  and  carbonate  (C032  ).  The  sum  of  these  species  is 
called  DIC.  Bicarbonate  is  usually  the  most  important  DIC  species  in 
natural  waters  since  it  is  the  dominant  species  between  pH  6.35  and  10.33. 


DIC  =  [H2CO*3]  +  [HC03  ]  +  [CO^  ] , 


(3.42) 
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where 


DIC 

H2CO3* 

nco3- 

co32- 


dissolved  inorganic  carbon  (mol  L1), 

sum  of  dissolved  C02  and  carbonic  acid  (mol  Lr1), 

bicarbonate  ion  (mol  LA), 

carbonate  ion  (mol  L1). 


DIC  does  not  include  solid-phase  calcium  carbonate.  The  rate  of  DIC 
change  is  proportional  to  the  net  primary  production.  Similar  to  other 
nutrients,  DIC  is  produced  by  decomposition  and  is  assimilated  by  plants; 
it  also  is  respired  by  aquatic  plants.  Additional  sources  and  sinks  of  DIC 
are  via  exchange  with  the  atmosphere  and  via  the  oxidation  of  organic 
carbon  material  (i.e.  DOC,  CBOD).  Water  column  DIC  is  tracked  in  units 
of  mole  or  mol  L1.  A  mole  mass  of  DIC  is  equal  to  12  gram  (g),  1  mol  L1  = 
12000  mg-C  L1.  Simulating  DIC  is  necessary  for  calculating  pH  as  a 
derived  variable.  The  internal  source  (+)  and  sink  (-)  equations  for  water 
column  POC,  DOC,  and  DIC  are  given  as  follows. 


3.9.1  State  variables 

Particulate  Organic  Carbon  (POC): 


dPOC 

dt 


=  FPocpkdp(T)-rcaAp 


kpoc(T)POC 


Algal  mortality  (Ap->POC), 


POC  hydrolysis  (POC->DOC), 


(3.43) 


— am. poc 
h 


POC  settling  (POC->Bed), 


+  ^  FpoJdb  (D  '  rcb^bFbFw 


Benthic  algal  mortality  (Ab~>POC), 


where 


POC 

Fpocp 
V ca 

rCb 

Vsoc 

kpoc(T) 

Fpocb 


particulate  organic  carbon  (mg-C  L1), 
fraction  of  algal  mortality  into  POC  (0-1.0), 
algal  C  :  Chla  ratio  (mg-C  pg-Chla'1), 
benthic  algae  C  :  D  ratio  (mg-C  mg-D1), 

POC  settling  velocity  (m  d1), 

POC  hydrolysis  rate  (d1), 

fraction  of  benthic  algal  mortality  into  POC  (0-1.0). 
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Dissolved  Organic  Carbon  (DOC): 


8DOC  l  _  \, 

-PpocpKvyr^ 

+  kpoc(T).POC 
+  kpom  (T)  ■  fcom  POM 


Algal  mortality  (Ap->DOC), 

POC  hydrolysis  (POC->DOC), 
POM  dissolution  (POM-->DOC), 


DO 


KsOxmc  +  DO 


kj,JT)  ■  DOC 


5x12 


4x14 


1  — 


DO 


V 


Ks0xdn  +  DO 


kdnit(T)-N03 


+  ^  (l  Dpocb  ^)kdb  (T)  ■  rcbAhFbFw 


DOC  oxidation, 

DOC  consumed  by  denitrification, 
Benthic  algal  mortality  (Ab~>DOC), 


(3.44) 


where 

KsOxmc  =  half  saturation  oxygen  attenuation  constant  for  DOC  oxidation 
rate  (mg-02  L1), 

fcom  =  fraction  of  carbon  in  organic  matter  (mg-C  mg-D1)- 
Dissolved  Inorganic  Carbon  (DIC): 


1210 


3  SDIC 


dt 


+  - 


■  1 2kac  (r)(l  O'3  kH  (T )pCOi  - 1 03  Fco2DIC ) 
DO 


KsOxmc  +  DO 


kdoc{T)-DOC 


+  k,p(T)-rcaAp 


~  P,/caAp 

+  T  krb  (T)-  fcbAhFb 
h 

-jPbrcbAbFb 

h 


Atmospheric  CO2  reaeration  (Atm<-->DIC), 

DOC  mineralization  (DOC-->DIC), 

Algal  respiration  (Ap— >DIC), 

Algal  photosynthesis  (DIC->AP), 

Benthic  algae  respiration  (Ab-->DIC), 
Benthic  algae  photosynthesis  (DIC— >Ab), 


(3.45) 
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+ — Z  ^  D0  ™  kbo<a (T)  •  CBODi  CBOD  oxidation  (CBOD->DIC), 

K,r  K  ,.nrh,„n  +  DU 

Sediment  release  (Bed->DIC), 


=  C02  reaeration  rate  (d1), 

=  Henry’s  Law  constant  (mol  L1  atm1), 

=  partial  pressure  of  C02  in  the  atmosphere  (ppm), 

=  fraction  of  total  inorganic  carbon  in  C02  (0-1.0). 

3.9.2  CO2  reaeration 

Atmospheric  reaeration  of  C02  refers  to  the  transfer  of  CO2  across  the  air- 
water  interface.  The  CO2  reaeration  proceeds  proportional  to  the  difference 
of  the  CO2  saturation  and  the  actual  dissolved  C02.  Atmospheric  reaeration 
may  cause  a  C02  flux  either  way,  to  the  atmosphere  or  to  the  water.  The  C02 
saturation  is  primarily  a  function  of  the  partial  atmospheric  C02  pressure 
(Pc'02)  and  the  water  temperature.  Pcc)2  in  the  atmosphere  can  be  referenced 
from  Figure  6.  The  gaseous  and  aqueous  phase  C02  values  are  related  by 
Henrys  Law.  The  value  of  Henry’s  Law  constant  (Kh)  is  a  function  of  water 
temperature  (Edmond  and  Gieskes  1970) 

log10KH(T)=238’573  +0.01526427^  -14.0184 ,  (3.46) 

*wk 


SKJXUUUl 


+ 


1  SOD(T) 
h  r 


where 


k.ac(T) 

k„(T) 

Pc02 

Fco2 


where 


Twk  =  water  temperature  in  Kelvin. 
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Figure  6.  Concentration  of  CO2  in  the  atmosphere  as  recorded  at 
Mauna  Loa  Observatory,  Hawaii  (NOAA-ESRL). 


The  CO2  reaeration  rate  can  be  derived  from  the  temperature-corrected 
oxygen  reaeration  rate  using  the  following  relationship. 


*«(r)  = 


MW, 


02 


MW, 


co  2 


0.25 


K(T), 


(3.47) 


where 

ka(T)  =  oxygen  reaeration  rate  (d1), 

MW02  =  molecular  weight  of  02  (=  32  g  moh1)- 
MWco2  =  molecular  weight  of  C02  (=  44  g  mol1). 

3.9.3  Derived  variables 

The  total  organic  carbon  (TOC)  is  the  gross  amount  of  organic  matter 
found  in  natural  water.  Measured  TOC  includes  particulate  (colloidal), 
dissolved  organic  carbon  forms,  CBOD,  and  algal  biomass.  Modeled  TOC 
is  computed  as 


TOC 


DOC  +  POC  -f 


YJCBODi 


prA 


(3.48a) 
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Total  Suspended  Solids  (TSS)  includes  all  of  the  inorganic  suspended 
solids  fractions  and  all  organic  matter,  which  includes  algae  and 
particulate  organic  matter.  Modeled  TSS  is  computed  as 

por 

Tl®='Em*+-rL+r«AP-  (3-48b> 

J  com 

If  POC  is  turned  off  and  POM  is  modeled  in  NSMI,  TOC  and  TSS  are 
computed  as 


yCBOD. 

TOC  =  DOC  +  fcomPOM  +  - L  +  rcaAp , 


(3.48c) 


TSS  =  Y.mn+POM+rd„Ar, 


(3.48d) 


where 

TOC  =  total  organic  carbon  (mg-C  Lr1), 

TSS  =  total  suspended  solids  (mg  Lr1). 

Turbidity  is  an  indicator  of  the  amount  of  suspended  solids  and  related 
constituents  within  a  water  body.  Floating  algae  are  often  a  major 
component  of  turbidity.  It  is  possible  to  develop  relationship  to  predict  the 
turbidity.  The  relationship  between  TSS  and  turbidity  is  usually  considered 
to  be  linear  on  a  natural  logarithmic  scale  (Packman  et  al.  1999).  Shown 
below  is  a  generic  relationship  between  TSS  and  turbidity  in  Nephelometric 
Turbidity  Units  (NTU).  This  relationship  can  be  used  to  estimate  the 
turbidity  from  computed  TSS. 

\n(Turbidity )  =  Aln(TSS)  +  B  ,  (3.49) 


where 

A,  B  =  site  specific  parameters  for  turbidity. 

3.10  Dissolved  Oxygen 

Dissolved  oxygen  (DO)  is  one  of  the  most  important  variables  in  water 
quality  modeling.  DO  concentration  is  generally  viewed  as  an  indicator  of 
the  overall  well-being  of  water  bodies  and  their  associated  ecosystems.  An 
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adequate  DO  concentration  is  a  basic  requirement  for  a  healthy  ecosystem. 
When  the  DO  concentration  becomes  too  low,  plants  and  animals  may 
become  impaired  and  eventually  die.  The  relationship  between  the  growth 
and  death  of  aquatic  plants  and  the  DO  rate  is  a  particularly  important 
one.  Algal  photosynthesis  is  the  source  of  DO.  Algal  growth  produces  DO 
from  photosynthesis.  Atmospheric  reaeration  may  be  another  source  of 
DO,  if  the  water  column  oxygen  is  less  than  DO  saturation.  The  sinks  of 
DO  include  algal  respiration,  nitrification,  oxidation  of  organic  materials 
(in  particular,  DOC,  CBOD),  SOD,  and  atmospheric  reaeration  when  DO 
saturation  is  exceeded.  When  anaerobic  conditions  occur,  decay  of  organic 
materials  slows  considerably.  Organic  decay  rates  are  dependent  on  the 
amount  of  DO  present  in  the  water  column. 

The  internal  source  (+)  and  sink  (-)  equation  for  water  column  DO  can  be 
written  as 


dDO 

dt 


~  ka  (T){DOs  —  DO) 


+ 


138  32 

106  106  1 


MprocrcaAp 


-krp(T)-rocrcaAp 


Ku(T)-ronNHA 


DO 


KsOxmc  +  DO 


kdoc(T)rocDOC 


■I 


DO 


K  sOxbod,  +  DO 


kbodi(T) '  CBODi 


+  — 
h 


138  32 

106  106 


F, 


Mbrocrcb(T)  ■  AbFh 


~jKb(T)rocrcbAbFb 

h 


DO  SOD(T) 
Kssod  +  DO  h 


Atmospheric  O2  reaeration  (Atm<-->02),  (3.50) 

Algal  photosynthesis  (Ap->  O2), 

Algal  respiration  (02->Ap), 

Nitrification  (02-->Nitrification), 

DOC  oxidation  (02-->D0C), 

CBOD  oxidation  (02-->CB0D), 

Benthic  algae  photosynthesis  (Ab~>  O2), 

Benthic  algae  respiration  (02->Ab), 

Sediment  oxygen  demand  (SOD), 


where 


DO  =  dissolved  oxygen  (mg-02  Lr1), 
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DOs  =  dissolved  oxygen  saturation  (mg-02  L1), 
r0n  =  02  :  N  ratio  for  nitrification  (mg-02  mg-N'1), 

SOD(T)  =  sediment  oxygen  demand  (g-02  nr2  d1), 

Kssod  =  half  saturation  oxygen  attenuation  constant  for  SOD  (mg-02  LA). 

Because  of  the  importance  of  DO  in  aquatic  systems,  it  is  imperative  to 
include  all  processes  that  exert  an  oxygen  demand.  If  CBOD  and  DOC  are 
included  in  the  model,  care  must  be  taken  to  ensure  that  they  are  properly 
accounted  for.  CBOD,  DOC,  POC  or  POM  are  often  used  to  estimate  the 
quantity  of  organic  matter  in  natural  waters.  CBOD  is  typically  specified  as 
allochthonous  inputs,  and  the  forms  of  autochthonous  organic  matter  are 
kept  track  of  in  the  organic  carbon  pools  (DOC,  POC).  “Double  counting” 
of  organic  matter  effect  on  the  DO  when  CBOD  and  organic  carbon  should 
not  be  included  in  the  model  simulation. 


3.10.1  Dissolved  oxygen  saturation 


A  variety  of  methods  have  been  developed  to  estimate  the  DO  saturation 
(DOs)  (Bowie  et  al.  1985).  DOs  is  computed  here  as  a  function  of  water 
temperature  (APHA 1992). 


DO  =  exp 


-139.34410 

1.5  7  5  701  105  6.64  2  3  08 -107  1.24  3  8  00  ■  101 

+ - ; - + - : - 


8.621949  10 


(3.51) 


Figure  7  shows  a  fitted  curve  to  the  above  DO  saturation,  DOs,  as  a 
function  of  temperature. 

The  effect  of  atmospheric  pressure  on  DOs  is  corrected  based  on  the 
following  equation  (APHA  1992) 


DOs  =  DOsPa 


1- 


Pu 


Pa 


-a- Pa 


(3.52) 


where 

patm  =  atmospheric  pressure  (atm), 

Pwv  =  partial  pressure  of  water  vapor  (atm), 
a  =  correction  coefficient. 
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Figure  7.  Fitting  a  curve  of  the  DO  saturation  as  a  function  of  water 

temperature. 


The  partial  pressure  of  water  vapor  ( pWv )  and  correction  coefficient  (a)  are 
computed  as 


Pwv  =  eXP 


11.8571- 


3840.70 

216961 

Tk 

Tk2 

a  =  0.000975  - 1.426  •  10~5  T  +  6.436  •  1CT8  T2 


(3.53) 

(3.54) 


3.10.2  Oxygen  reaeration 

Oxygen  reaeration  refers  to  the  transfer  of  oxygen  across  the  air-water 
interface.  At  concentrations  lower  than  the  DO  saturation,  oxygen  is 
transferred  from  the  air  to  the  water.  If  the  concentration  becomes  higher 
than  the  DO  saturation,  oxygen  will  be  transferred  to  the  air.  This  transfer  is 
affected  by  the  difference  in  DO  concentrations  between  the  air  and  water 
and  by  the  turbulence  in  the  film  of  water  adjacent  to  the  surface.  The 
turbulence  in  that  thin  film  may  be  caused  by  wind  shear  or  shear  produced 
by  water  currents.  Overall,  turbulence  controls  the  rate  of  oxygen  transfer. 
In  streams,  the  reaeration  rate  coefficient  is  a  function  of  the  average  water 
velocity,  depth,  wind,  and  temperature.  The  oxygen  reaeration  rate  is 
estimated  as  a  function  of  both  flow  hydraulics  and  wind  velocity. 


KXT) 


h 


(3.55) 
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where 

kaw(T)  =  wind  oxygen  reaeration  velocity  (m  d1), 

kah(T)  =  hydraulic  oxygen  reaeration  rate  (d1)- 

Numerous  formulations  have  been  developed  to  estimate  the  rate  of 
oxygen  reaeration  derived  by  hydraulic  effects.  These  formulations  are 
often  empirical,  but  most  have  a  deterministic  background.  Except  for  a 
user-defined  input,  the  following  six  formulas  are  included  to  compute  the 
hydraulic  derived  oxygen  reaeration  rate  ( kah )  (Table  4).  Note  that  these 
formulations  are  applicable  for  riverine  systems.  The  computed  reaeration 
rate  from  these  equations  is  referenced  to  20  °C.  It  is  adjusted  for  local 
water  temperature  using  Arrhenius  Equation. 


Table  4.  Equations  for  computing  oxygen  reaeration  rate  on  the  basis  of  hydraulic  characteristics. 


Option 

Formulation* 

Applicability 

Reference 

1 

kah  =  3.93m05//?1'5 

natural  streams 
(h  =  0.3  -  9) 

O’Connor  and  Dobbins 
(1958) 

2 

kah  =  5.32m0'67//?1'85  ,  h  <  0.61 

natural  streams 

Owens  et  al.  (1964) 

kah  =  5.026m//?1'67  ,  otherwise 

(h  =  0  -  3.3) 

Churchill  et  al.  (1962) 

3 

kah  =  517(m -siy^Q^142  Q  <  0.556  m3/s 

pool  and  riffle 

Melching  and  Flores 

kah  =  596 (u  ■  slfmQ-°m  Q  >  0.556  m3/s 

streams 

(1999) 

4 

kah  =  88  (u  ■  slfm  hr0353  Q  <  0.556  m3/s 

channel  control 

Melching  and  Flores 

kah  =  1 42(u-sl)0333h~°MB;0m  Q  >  0.556  m3/s 

streams 

(1999) 

5 

kah  =311  83m  ■  si  Q<  0.425  m3/s 

natural  streams 

Tsivoglou  and  Neal 

kah  =  15308m -si  Q>  0.425  m3/s 

and  rivers 

(1976) 

6 

£fl/,=2.16(l  +  9F/'25)^ 
h 

natural  streams 

Thackston  and 

Fd  =  U  u,  =  gRhsl 

and  rivers 

Dawson  (2001) 

*  u  =  water  velocity  (m  s-1). 
h  =  water  depth  (m). 
si  =  channel  slope. 

8t=  top  width  of  the  channel  (m). 

Rh  =  channel  hydraulic  radius  (m). 

Ac  =  channel  cross-sectional  area  (m2). 
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Three  options  are  available  to  incorporate  wind  effects  on  the  oxygen 
reaeration:  (l)  user  defined,  (2)  Banks-Herrera  formula  (Banks  and 
Herrera  1977),  and  (3)  Wanninkhof  formula  (Wanninkhof  et  al.  1991). 

Banks  and  Herrera  (Banks  and  Herrera  1977): 

kauXT)  =  0.728U°w510-0.317Uw10  +  0.0372U2w10  ,  (3.56a) 

Wanninkhof  (Wanninkhof  et  al.  1991): 

kaw(T)  =  0.098 ,  (3.56b) 


where 

kaw(T)  =  wind  oxygen  reaeration  velocity  (m  d'1), 

Uwm  =  wind  speed  measured  10  meters  above  the  water  surface  (m  S'1)- 

Wind  speed,  usually  measured  at  meteorological  stations,  is  also  a 
required  data  for  simulating  water  temperature. 

3.10.3  Sediment  oxygen  demand  and  sediment-water  fluxes 

The  SOD  is  the  rate  of  oxygen  consumption  exerted  by  the  benthic 
sediments.  The  areal  fluxes  from  the  benthic  sediment  can  be  substantial 
as  oxygen  sinks  to  the  overlying  water.  The  SOD  involves  the  degradation 
and  mixing  processes  in  the  benthic  sediments.  This  parameter  represents 
the  sediment  oxygen  demand  as  measured  in  the  field.  The  SOD  is 
expressed  as  a  zero-order  reaction  and  is  a  user  specified  input.  A  default 
value  of  0.5  g-02  nr2  d1  is  recommended  for  the  natural  SOD,  a  value  of 
1.5  g-02  nr2  d  i  for  the  total  oxygen  demand  (Manivanan  2008).  The  SOD 
rates  are  adjusted  according  to  the  local  depth  and  temperature.  Table  5 
provides  some  reported  in-situ  SOD  values  in  rivers  and  streams.  Note 
that  these  values  may  be  not  applicable  for  current  studies. 
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Table  5.  Reported  in-situ  values  of  SOD  in  some  rivers  and  streams. 


SOD  (g-02  m2  d1) 

Environment 

Experimental  conditions 

References 

2.0  -  33 

Four  Eastern  U.S.  rivers 
downstream  of  paper  mill 
discharge 

In-situ  respirometer,  light,  stirred,  dark, 

22  -  27 °C 

NCASI  (1978) 

0.9  -  14.1 

Four  Eastern  U.S.  rivers 
downstream  of  paper  mill 
discharge 

In-situ  open-ended  tunnel  respirometer, 
light,  stirred,  dark,  22  -  27°C 

NCASI  (1978) 

0.1  -  1.4 

Eastern  U.S.  rivers 
downstream  of  paper  mill 
discharge 

In-situ  respirometer,  stirred,  dark,  9  - 
16°C,  0  =  1.08 

NCASI  (1979) 

0.27  -  9.8 

Northern  Illinois  rivers  (89 
stations) 

In-situ  respirometer,  stirred,  1  -  3  hrs 
dark,  5  -  31°C 

Butts  and  Evans 
(1978) 

0.1  -  5.3 

Six  stations  in  eastern 
Michigan  rivers 

In-situ  respirometer,  stirred,  15  -27  hr 
dark,  19  -  25°  C,  0  =  1.08 

Chiaro  and  Burke 
(1980) 

1.1  -  12.8 

New  Jersey  rivers  (10 
stations) 

In-situ  respirometer,  dark,  30  min  -  8  hr, 
stirred 

Flunter  et  al.  (1973) 

0.3  -  1.4 

Swedish  rivers 

In-situ  respirometer,  light,  stirred,  0  -  10°C 

Edberg  and  Flofsten 
(1973) 

4.6  -  44 

Streams 

Oxygen  mass  balance 

James  (1974) 

User-specified  sediment-water  fluxes  include  NH4,  NO3  and  inorganic 
phosphorous.  Such  release  occurs  as  a  result  of  a  gradient  in  nutrient 
concentration  between  the  overlying  water  and  the  nutrient  in  the  pore 
water  of  the  benthic  sediment.  The  impact  of  sediment  nutrient  release 
can  be  significant.  The  model  assumes  that  positive  fluxes  are  from 
sediment  to  water  and  that  negative  fluxes  are  from  water  to  sediment. 
Fluxes  of  NH4  and  inorganic  phosphorous  are  most  often  from  sediment 
to  water  and  are  positive  quantities.  Sediment-water  flux  of  NO3  is 
defined  through  the  sediment  denitrification  velocity.  NO3  commonly 
passes  in  both  directions  across  the  sediment-water  interface  and  may  be 
positive  or  negative. 

3.11  Pathogen 

A  single  group  of  pathogens  is  included  as  a  state  variable  in  NSMs.  The 
pathogen  kinetics  described  here  are  identical  for  NSMI  and  NSMII. 
Although  there  are  a  variety  of  indicators  and  direct  enumeration  of 
pathogens,  primary  emphasis  in  water  quality  has  been  placed  in  the  past 
on  the  coliform  group  of  bacteria.  The  principal  waterborne  pathogens  of 
concern  include  V.  cholera,  Salmonellae,  and  the  Shigella  species 
(Thomann  and  Mueller  1987).  In  the  model,  the  concentration  of 
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pathogens  in  the  water  column  is  represented  by  the  CFU,  which  is  a 
measure  of  viable  bacterial  numbers. 

The  pathogen  kinetics  were  adapted  from  QUAL2K  (Chapra  et  al.  2008). 
Pathogens  are  subject  to  loss  by  death,  sunlight  decay,  and  settling.  The 
death  of  pathogens  in  the  absence  of  sunlight  is  considered  to  be  first 
order.  The  depth-averaged  effect  of  sunlight  on  decay  rate  is  a  function  of 
surface  solar  radiation  and  light  attenuation  coefficient.  Pathogen  settling 
losses  depend  on  how  many  organisms  are  attached  to  particles. 

The  internal  source  and  sink  equation  for  water  column  pathogen  ( PX)  can 
be  written  as 

dPX 

— —=-kdx(T)-PX  Pathogen  death,  (3.57) 

at 

~aPx~rT^e~;Lhy,x  Pathogen  decay  by  sunlight, 

A  *  h 

-^-PX  Pathogen  net  settling, 

h 

where 

PX  =  pathogen  ((cfu  (100  mL)  -1), 
kdxir)  =  pathogen  death  rate  (d1), 

otpx  =  light  efficiency  factor  for  pathogen  decay, 

Vx  =  pathogen  net  settling  velocity  (m  d1). 

Note  that  net  settling  loss  rate,  Vi,  can  be  negative,  zero,  or  positive, 
depending  on  the  degree  of  resuspension  because  benthic  sediment  may 
be  a  significant  sources  of  pathogens. 

3.12  Alkalinity 

Alkalinity  (Aik)  is  included  as  a  state  variable  in  NSMs.  The  alkalinity 
kinetics  described  here  are  identical  for  both  NSMI  and  NSMII.  Alkalinity  is 
the  measurement  of  the  buffering  capacity  of  a  solution.  It  measures  the 
ability  of  the  solution  to  neutralize  acids  and  bases.  In  the  natural 
environment,  the  main  ions  that  neutralize  H+  are  HCO3  and  CO32'.  In  most 
waters,  alkalinity  and  hardness  have  similar  values  because  HC03_  and  C032' 
are  usually  derived  from  CaC03  or  MgC03.  Therefore,  alkalinity  is  typically 
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reported  by  the  laboratory  in  units  of  CaC03  equivalent  (mg-CaC03  L1). 
Alkalinity  should  be  measured  on  filtered  samples  to  eliminate  any  potential 
contribution  from  suspended  CaC03  and  specified  in  units  of  mg  L1  of 
CaC03.  This  means  that  the  solution  has  numerically  the  same  alkalinity  as  a 
solution  in  which  the  same  weight  of  CaC03  per  liter  has  been  dissolved.  A 
mole  mass  of  CaC03  is  equal  to  2  equivalent  (eq),  and  1  eq  Lr1  =  50000  mg- 
CaC03  LA.  Computationally,  the  variable  Aik  has  units  of  1  eq  L1. 

Alkalinity  is  affected  by  all  the  processes  that  yield  or  consume  H+  or  OH\ 
Algae  and  benthic  algae  can  affect  alkalinity  through  the  photosynthesis 
and  respiration  processes.  Algal  photosynthesis  takes  up  nitrogen  as  either 
NH4  or  NO3  and  inorganic  phosphorous.  The  uptake  of  NH4  removes 
positive  ions  from  solution,  causing  a  decrease  of  alkalinity.  The  uptake  of 
NO3  removes  negative  ions  from  solution,  causing  an  increase  of 
alkalinity.  Similarly,  the  uptake  of  inorganic  P  removes  negative  ions  from 
solution,  causing  an  increase  of  alkalinity.  Algal  respiration  releases  NH4 
and  inorganic  P.  The  release  of  NH4  adds  positive  ions  to  the  water, 
causing  an  increase  of  alkalinity.  The  release  of  inorganic  P  adds  negative 
ions  to  the  water,  causing  a  decrease  of  alkalinity.  Nitrification  utilizes 
NH4  and  creates  NO3.  Hence,  because  a  positive  ion  is  taken  up  and  a 
negative  ion  is  created,  the  alkalinity  decreases.  Denitrification  utilizes 
NO3  and  creates  nitrogen  gas.  Hence,  the  alkalinity  increases  because  a 
negative  ion  is  taken  up  and  a  neutral  compound  is  created. 

The  internal  source  and  sink  equation  for  water  column  Aik  can  be  written 
as 


cL ilk 
dt 


-  =  y,t 


c 

,  l 

v 

DO 


1  — 


DO 


Ks0xdn  +DO j 


NH4 


-  r 


alknKs0xna+DOKsNh4+NH4'nil 


kdnit(T)-N03 


kjT)-NH4 


+  (ralkaaiFl  -  ralkam  C1  ~  F1  )KA 


+  ralkaaikrp(T)  ■  Ap 

~  T  ( ralkbaF2  ~  ralkbn  (1  —  Fl))fk> \Fb 

h 

+  T  ralkbJirb  (^)  '  \Fb 

h 


Aik  increased  by  denitrification, 

Aik  decreased  by  nitrification, 

Aik  decreased  by  algal  growth, 

Aik  increased  by  algal  respiration, 

Aik  decreased  by  benthic  algae  growth, 

Aik  increased  by  benthic  algae 
respiration, 


(3.58) 


ERDC/EL  TR-16-1 


58 


where 

Aik  =  alkalinity  (eq  L1), 

v aikaa  =  ratio  translating  algal  growth  into  Aik  if  NH4  is  the  N  source 
(eq  qg-Chla-1), 

v aikan  =  ratio  translating  algal  growth  into  Aik  if  NO3  is  the  N  source 
(eq  qg-Chla-1), 

raikn  =  ratio  translating  NH4  nitrification  into  Aik  (eq  mg-N'1), 
v aikden  =  ratio  translating  NO3  denitrification  into  Aik  (eq  mg-N'1), 

v aikba  =  ratio  translating  benthic  algae  growth  into  Aik  if  NH4  is  the  N 
source  (eq  mg-D1), 

v aikbn  =  ratio  translating  benthic  algae  growth  into  Aik  if  NO3  is  the  N 
source  (eq  mg-D1). 


Note  the  units  of  alkalinity  are  based  on  eq  L'1  or  mol  L’1  for  convenience. 
The  numerical  factors  used  in  the  above  equation  are  computed  from  the 
unit  conversion  between  the  native  mass  units  used  in  state  variables 
(algae,  benthic  algae,  NH4,  and  NO3)  and  the  unit  employed  for  alkalinity. 


ralkaa  =  rca  X 


14  eqH+  moleC  g  0.011 


-x 


106  moleC  12  gC  10  mg  10 


-3  ca 


(3.59a) 


V  —  v 

aikan  ca 


mgC 


mgA 


0.01415 


18  eqH 

106  moleC  12  gC  103  mg  10" 


moleC  g 

x- 


,  (3.59b) 


2  eqH+  moleN  g  _  0.143 
moleN  14  gN  103mg  10  3 


(3.59c) 


4  eqH+  moleN  g  _  0.286 
moleN  14  gN  103mg  10  3 


(3.59d) 


14  eqH+  moleC  g  _  0.011  ^ 
r"lkba  ~  7'ch  X 106  moleC  X  12  gC  10 3  mg  “  10  3  ^ 


(3.59e) 


18  eqH+  moleC  g  0.01415 
cb  106  moleC  12  gC  103mg  10  3  cb 


(3.59f) 


The  constituents  of  alkalinity  commonly  found  are  HC03%  CO32",  and  OH-. 
HCO  r  in  surface  waters  at  neutral  pH  is  typically  greater  than  95%  of  the 
total  alkalinity.  Alkalinity  usually  is  defined  as 
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Aik  =  [HCCT]  +  2[C0j  ]  +  [OH  ] -  [H+] .  (3.60a) 

DIC  is  the  sum  of  the  inorganic  carbon  species  in  water,  including 
dissolved  carbon  dioxide  (C02)  and  carbonic  acid  (H2CO3),  bicarbonate 
anion  (HC03),  and  carbonate  anion  (C032  )  based  on  equation  3.32. 
Therefore,  alkalinity  can  be  computed  as 

Aik  =  DIC  +  [OH  ]  — [H+] ,  (3.60b) 


where 

H+  =  hydronium  ion  (mol  L1), 
OH~  -  hydroxyl  ion  (mol  L1). 


3.13  pH 

The  pH  is  computed  identically  in  both  NSMI  and  NSMII.  DIC  and 
alkalinity  are  necessary  state  variables  needed  to  compute  pH.  This  section 
describes  the  calculation  of  pH  in  the  water  column.  The  pH  is  a  very 
important  factor  in  aquatic  environments  because  certain  chemical 
processes  can  take  place  only  when  water  contains  a  certain  pH  level.  The 
pH  of  water  determines  the  solubility  and  biological  availability  of 
chemical  constituents  such  as  nutrients  (phosphorus,  nitrogen,  and 
carbon)  and  heavy  metals  (lead,  copper,  cadmium,  etc.).  pH  affects  the 
ionization  and  hydrolysis  of  organic  chemicals  which  potentially  has 
effects  on  chemical  fate  and  the  degree  of  toxicity. 

The  pH  is  a  measure  of  how  acidic  or  basic  water  is.  The  range  varies  from 
o  to  14,  with  7  being  neutral.  A  pH  of  less  than  7  indicates  acidity  whereas 
a  pH  greater  than  7  indicates  a  base.  In  most  water  bodies,  pH  levels  are 
controlled  by  total  inorganic  carbon  (Ct)  and  alkalinity.  The  relationship  of 
pH  and  the  ratio  of  Aik  to  Cr(A/k/Cr)  is  illustrated  in  Figure  8. 
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Figure  8.  Relationship  of  pH  and  Alk/Cr 
(Di  Toro  1976). 


The  pH  algorithms  were  adapted  from  QUAL2K  (Chapra  et  al.  2008).  The 
following  equilibrium,  mass  balance,  and  electro-neutrality  equations 
define  a  freshwater  that  is  dominated  by  inorganic  carbon  species  (Stumm 
and  Morgan  1996). 


H2C0;  0HCO3  +H+,  (3.61a) 

HC034>COf+H+.  (3.61b) 

These  equilibrium  equations  are  quantified  by  the  dissociation  constants 
as  follows: 


[HCO-][H+] 

[H2ccg 

[COg"  ][H+] 
[HC03] 


(3.62) 


(3.63) 


The  dissociation  of  water  obeys  the  following  equilibrium  condition. 


Au,  =  [H+][OH  ], 


(3.64) 
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where 

Ki  =  first  acidity  constant  (mol  L1), 

K2  =  second  acidity  constant  (mol  L1), 

Kw  =  ion  product  of  water  (mol  L1)2. 

The  Ki,  K2,  and  Kw  values  for  freshwater  are  a  function  of  the  water 
temperature.  Their  values  can  be  computed  based  on  the  formulations 
provided  by  Plummer  and  Busenberg  (1982)  for  Ki  and  K2  and  by  Harned 
and  Hamer  (1933)  for  Kw. 

logaK=  -  356.3094  -  0.06091964^  + - +  126.8339logloT  t  ; - ,  (3.65) 

Tot  Tot 

,  5151.79  ,  563,713.9  ,Q 

logio  J^2  =  — 107.887 1  —  0.032528497^  + - +  38.925611ogioT* - — - .  (3.6b) 

wk  wk 

4787  3 

log ioKw=-—^ - 7.1321  log10  Twk  —0.010365Twk  +22.80  ■  (3.67) 

1 wk 

The  individual  species  in  the  carbonate  buffer  system  are  each  extremely 
reactive,  so  much  so  that  a  direct  mass  balance  formulation  results  in 
equations  that  are  nonlinear  and  numerically  badly  behaved  (Di  Toro 
1976).  An  efficient  solution  can  be  derived  by  combining  equations  3.62, 
3.63,  and  3.64  to  define  the  following  variables 


[H+]2 

(3.68) 

[H+r+^jH+i+f^  ’ 

^[H+] 

—  ? 

(3.69) 

[H+]2  +  ^1[H+]+^1^2 

k1k2 

(3.70) 

[H+Y+KJH+'\+K1K2 

Equations  3.68,  3.69,  and  3.70  can  then  be  substituted  into  Equation  3.59 
to  yield 


Alk=(a1  +  2a2)DIC  -f 


[H+] . 


(3.71) 
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Thus,  solving  for  pH  is  reduced  to  determining  the  [H+]  from  the  above 
equation.  The  above  non-linear  equation  for  [H+],  alkalinity,  and  the 
carbonate-bicarbonate  equilibrium  system  must  be  solved  simultaneously. 
Once  the  unknown  [H+]  is  solved  from  the  above  nonlinear  equation  3.71, 
the  negative  logarithm  of  [H+]  is  pH 


pH  =  — log10[H+] .  (3.72) 

Equation  3.71  is  solved  for  [H+]  using  two  numerical  solutions  given  by 
Chapra  et  al.  (2008):  (1)  Newton-Raphson  and  (2)  Bisection.  The  Newton- 
Raphson  method  uses  the  slope  (tangent)  of  the  function  at  the  current 
iterative  solution  to  find  the  solution  in  the  next  iteration.  The  bisection 
method  is  an  incremental  search  solution  where  the  sub-interval  for  the 
next  iteration  is  selected  by  dividing  the  current  interval  in  half.  For  many 
problems,  Newton-Raphson  converges  quicker  than  Bisection.  However, 
the  Newton-Raphson  method  is  not  guaranteed  to  find  a  solution. 

3.14  NSMI  Parameters 

This  section  describes  the  input  parameters  associated  with  NSMI.  The 
user  has  a  number  of  options  in  specifying  the  input  parameters.  All  water 
quality  parameters  may  be  applied  uniformly  throughout  the  model 
domain  or  may  be  varied  spatially  by  user-specified  water  quality  regions. 
Table  6  provides  a  summary  of  NSMI  input  parameters  or  coefficients.  The 
ratios  of  C,  N,  P,  and  Chla  fractions  in  algae  and  benthic  algae  are  defined 
by  specifying  their  relative  stoichiometry  weight  to  dry  weight  biomass 
(100  mg-D).  Temperature-dependent  coefficients  are  specified  at  20  °C. 
This  table  will  be  repeated  for  each  water  quality  region,  allow  the  user  to 
define  the  different  values  for  input  parameters. 


Table  6.  NSMI  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

Global 

Xo 

Background  light  attenuation 

nr1 

0.02 

0.02  -  6.59e 

As 

Light  attenuation  by  inorganic 
suspended  solids 

L  mg-1  rrr1 

0.052a 

0.019-0.37® 

Am 

Light  attenuation  by  organic 
matter 

L  mg1  nr1 

0.174a 

0.008  -  0.174e 

Xi 

Linear  light  attenuation  by 
algae 

nr1  (pg-Chla  L'1)'1 

0.00883 

0.009  -  0.031e 
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Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

X/2 

Nonlinear  light  attenuation  by 
algae 

nr1  (pg-Chla  L1)  2/3 

0.054a 

n/a 

fcom 

Fraction  of  carbon  in  organic 
matter 

mg-C  mg-D1 

0.4 

0  -  1.0 

k 

dpo4n 

Partition  coefficient  of 
inorganic  P 

L  kg 1 

0 

0  -  200c 

1000  -  16000h 

kah(T) 

Hydraulic  O2  reaeration  rate 

d-1 

1.0 

0.4-  1.5h 

4.0  -  10b 

Yes 

1.024b 

kaw(T) 

Wind  O2  reaeration  velocity 

m  d'1 

0 

n/a 

Yes 

1.024 

SOD 

Sediment  oxygen  demand 

g-C>2  nr2  d'1 

0.2 

0.2  -  4.0C 

0.1  -  10h 

Yes 

1.060b 

Kssod 

Half  saturation  oxygen 
attenuation  constant  for  SOD 

mg-02  L1 

1.0 

n/a 

Algae 

AWd 

Algal  dry  weight  stoichiometry 

mg-D 

100a 

65  - 13 0e 

AWc 

Algal  carbon  stoichiometry 

mg-C 

40a 

25  -  60e 

AWn 

Algal  nitrogen  stoichiometry 

mg-N 

7.2a 

4  -  20e 

AWp 

Algal  phosphorus 
stoichiometry 

mg-P 

1.0a 

n/a 

AWa 

Algal  Chla  stoichiometry 

pg-Chla 

1000a 

400  -  3500® 

fJmxp(T) 

Maximum  algal  growth  rate 

d-1 

1.0 

1.0  -  3.0b 

0.1 -0.5® 

0.5  -  3.0e 

1.0  -  2.0h 

Yes 

1.047b 

krP(T) 

Algal  respiration  rate 

d-1 

0.2 

0.05  -0.5b 

0.02-0.8® 

Yes 

1.047b 

kdp(T) 

Algal  mortality  rate 

d-1 

0.15 

0.02  -0.3b 

0-0.5® 

0.2  -  8.0f 

Yes 

1.047b 

Vs  a 

Algal  settling  velocity 

m  d-1 

0.15 

0.15  -  1.8b 

0  - 1.0® 

0  - 13.© 

Kl 

Light  limiting  constant  for  algal 
growth 

W  m  -2 

10 

3.7  -20b 

14  -  44® 

Ksn 

Half-saturation  N  limiting 
constant  for  algal  growth 

mg-N  L'1 

0.04 

0.01 -0.3b 

0.005  -  0.05® 

0.002  -4.34J 

Ksp 

Half-saturation  P  limiting 
constant  for  algal  growth 

mg-P  L1 

0.0012 

0.001 -0.05b 

0.01  -  0.06® 

0.001  -  1.52J 
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Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

Pn 

NH4  preference  factor  for  algal 
growth 

Unitless 

0.5 

o 

vi 

o 

Benthic  algae 

BWd 

Benthic  algae  dry  weight 
stoichiometry 

mg-D 

100a 

65  - 13 0e 

BWc 

Benthic  algae  carbon 
stoichiometry 

mg-C 

40a 

25  -  60e 

BWn 

Benthic  algae  nitrogen 
stoichiometry 

mg-N 

7.2a 

4  -  20e 

BWP 

Benthic  algae  phosphorus 
stoichiometry 

mg-P 

1.0a 

n/a 

BWa 

Benthic  algae  Chla 
stoichiometry 

pg-Chla 

3500 

400  -  3500® 

jUmxb(T) 

Maximum  benthic  algae 
growth  rate 

d-1 

0.4 

0.3  -  2.25b 

Yes 

1.047b 

krh(T) 

Benthic  algae  base  respiration 
rate 

d-1 

0.2 

0.01 -0.8b 

Yes 

1.06b 

kdb(T) 

Benthic  algae  mortality  rate 

d-1 

0.3 

oo 

o 

o 

Yes 

1.047b 

KLb 

Light  limiting  constant  for 
benthic  algae  growth 

W  nr2 

10 

1.7  -20b 

14  -  44e 

Ks/s/b 

Half-saturation  N  limiting 
constant  for  benthic  algae 

mg-N  L-1 

0.25 

0.01  -  0.766b 

0.01  -  0.75e 

0.001 -0.02b 

KsPb 

Half-saturation  P  limiting 
constant  for  benthic  algae 
growth 

mg-P  L1 

0.125 

0.01  -  0.08b 

0.005 -0.175e 

Ksb 

Half-saturation  density 
constant  for  benthic  algae 
growth 

g-D  nr2 

10 

10  -  30b 

PNb 

NH4  preference  factor  for 
benthic  algae  growth 

Unitless 

0.5 

0-1.0 

F p  ocb 

Fraction  of  bethic  algae  1 
mortality  into  POC 

Unitless 

0.9 

0-1.0 

F w 

Fraction  of  benthic  algae 
mortality  into  water  column 

Unitless 

0.9 

0-1.0 

Fb 

Fraction  of  bottom  area 
available  for  benthic  algae 
growth 

Unitless 

0.9 

0-1.0 

Nitrogen  cycle 

kmt(T) 

Nitrification  rate 

d-1 

0.1 

0.1  -  2.0b 

0.09  -  0.13° 

0.01  -  10e 

0.025  -  6.0f 

Yes 

1.083b 
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Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

kon(T) 

Decay  rate  of  organic  N  to  NH4 

d-1 

0.1 

0.02  -  0.4b 

0.001  -  1.0® 

Yes 

1.047b 

Vs  on 

Organic  N  settling  velocity 

m  d-1 

0.01 

0  -  2.0C 

0  -  0.1® 

kdnit(T) 

Denitrification  rate 

d-1 

0.002 

0.002-2.0® 

Yes 

1.045 

KsOxdn 

Half-saturation  oxygen 
inhibition  constant  for 
denitrification 

mg-02  L1 

0.1f 

n/a 

Vno3(T) 

Sediment  denitrification 
velocity 

m  d-1 

0 

0  - 1.0® 

Yes 

1.08 

rnh4 

Sediment  release  rate  of  NH4 

g-N  nr2  d'1 

0 

n/a 

Yes 

1.074b 

Phosphorus  cycle 

koP(T) 

Decay  rate  of  organic  P  to  DIP 

d-1 

0.1 

0.01 -0.7b 

0.001  -  1.0e 

Yes 

1.047b 

Vs  op 

Organic  P  settling  velocity 

m  d-1 

0.01 

0-2.0® 

0  -  0.1® 

Vs  p 

Solids  settling  velocity 

m  d-1 

0.1 

0-2.0® 

0-30® 

fpo4 

Benthic  sediment  release  rate 
of  DIP 

g-P  nr2  d'1 

0 

0.001  -  0.15) 

Yes 

1.074b 

Carbon  cycle 

F pocp 

Fraction  of  algal  mortality  into 
POC 

Unitless 

0.9 

0-1.0 

Vs  oc 

POC  settling  velocity 

m  d-1 

0.01 

0  -  2.0® 

kpoc(T) 

POC  hydrolysis  rate 

d-1 

0.005 

0.001-0.2® 

Yes 

1.047® 

kdoc(T) 

DOC  oxidation  rate 

d-1 

0.01 

0.01-0.2® 

Yes 

1.047® 

KsOxmc 

Half-saturation  oxygen 
attenuation  for  DOC  oxidation 

mg-02  L1 

1.0 

n/a 

Fco2 

Fraction  of  DIC  in  CO2 

Unitless 

0.2 

0-1.0 

^002 

Partial  pressure  of  CO2 

ppm 

383a 

n/a 

Particulate  organic  matter 

Vs  om 

POM  settling  velocity 

m  d'1 

0.1 

0.05  - 1.0) 

kpom(T) 

POM  dissolution  rate 

d-1 

0.005 

0.001  -  0.1U 

Yes 

1.047® 

kpom2(T) 

Sediment  POM  dissolution  rate 

d-1 

0.005 

0.001-0.2® 

Yes 

1.047® 

hi 

Active  sediment  layer 
thickness 

m 

0.01 

0.001  - 1.0 

W2 

Sediment  burial  rate 

cm  yr1 

0.25 

n/a 

Carbonaceous  biochemical  oxygen  demand 

kbodi(T) 

CBOD  oxidation  rate 

d-1 

0.12 

0.02  -  3.4b 

Yes 

1.047b 
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Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

Ks  Oxbodi 

Half-saturation  oxygen 
attenuation  for  CBOD  oxidation 

mg-02  L1 

0.5C 

n/a 

ksbodi(T) 

CBOD  sedimentation  rate 

d-1 

0 

-0.36  -  0.36b 

Yes 

1.024b 

Pathogen 

kdx(T) 

Pathogen  death  rate 

d-1 

CD 

00 

o 

n/a 

Yes 

1.07a 

CCpx 

Light  efficiency  factor  for 
pathogen  decay 

Unitless 

1.0a 

n/a 

Vx 

Pathogen  settling  velocity 

m  d'1 

1.0a 

n/a 

*  Subscript  i  represent  a  specific  CBOD  group. 
a  Chapara  et  al.  (2008). 
b  Brown  and  Barnwell  (1987). 
b  Wool  et  al.  (2006). 
d  Brown  (2002). 
e  Flynn  et  al.  (2015). 
f  Bowie  et  al.  (1985). 
g  Thomann  and  Muller  (1987). 
h  Thomann  and  Fitzpatrick  (1982). 
i.  Schnoor  (1996). 

J  EL  (1995b). 

Literature  ranges  in  the  above  table  are  taken  from  published  values  and 
from  other  water  quality  models.  It  should  be  noted  that  the  suggested 
range  values  are  based  on  a  limited  literature  review.  Most  of  them  are 
model  calibration  parameters  from  real  world  applications.  Parameters 
should  be  selected  from  a  range  of  feasible  values,  tested  in  the  model,  and 
then  adjusted  until  a  satisfactory  agreement  between  predicted  and 
observed  variables  is  obtained.  It  is  also  common  practice  to  use  model 
parameters  that  are  determined  from  other  studies. 

3.15  NSMI  Outputs 

This  section  describes  the  model  outputs  associated  with  NSMI.  The 
output  data  includes  the  concentrations  of  water  quality  state  variables 
and  intermediate  variables  computed  in  the  NSMI.  Table  2  lists  the  water 
quality  state  variables  modeled  in  NSMI. 
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3.15.1  Derived  variables 

In  order  to  compare  model  results  with  monitoring  data,  derived  water 
quality  constituents  are  computed  directly  from  the  state  variables.  Table  7 
lists  the  fourteen  (14)  derived  variables  computed  in  NSMI. 


Table  7.  Derived  water  quality  variables  computed  in  NSMI. 


Variable 

Definition 

Units 

Apd 

Algale  (dry  weight) 

mg-D  L1 

Chib 

Benthic  chlorophyll-a 

mg-Chla  nr2 

DIN 

Dissolved  inorganic  nitrogen 

mg-N  L1 

TON 

Total  organic  nitrogen 

mg-N  L1 

TKN 

Total  kjeldahl  nitrogen 

mg-N  L1 

TN 

Total  nitrogen 

mg-N  L1 

DIP 

Dissolved  inorganic  phosphorus 

mg-P  L1 

TOP 

Total  organic  phosphorus 

mg-P  L1 

TP 

Total  phosphorus 

mg-P  L1 

TOC 

Total  organic  carbon 

mg-C  L1 

CBOD5 

5-day  carbonaceous  biochemical  oxygen 
demand 

mg-02  L1 

A 

Light  attenuation  coefficient 

nrv1 

ka 

Oxygen  reaeration  rate 

d-1 

pH 

pH 

- 

3.15.2  Pathway  fluxes 

Pathway  fluxes  are  important  for  analyzing  individual  processes  in  water 
quality  analysis  or  they  can  also  be  used  for  debugging  the  model.  Table  8 
summarizes  a  list  of  pathway  fluxes  and  additional  variables  that  can  be 
reported  in  NSMI  model  outputs. 


Table  8.  Pathway  fluxes  and  additional  variables  computed  in  NSMI. 


Name 

Definition 

Units 

Algae 

AP  growth 

Algal  growth 

pg-Chla/L/d 

AP  respiration 

Algal  respiration 

pg-Chla/L/d 

AP  mortality 

Algal  mortality 

pg-Chla/L/d 

AP  settling 

Algal  settling 

pg-Chla/L/d 

FL 

Algal  growth  light  limit  factor 

Unitless 

FN 

Algal  growth  N  limit  factor 

Unitless 
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Name 

Definition 

Units 

FP 

Algal  growth  P  limit  factor 

Unitless 

Benthic  algae 

Ab  growth 

Benthic  algae  growth 

mg-D/L/d 

Ab  respiration 

Benthic  algae  respiration 

mg-D/L/d 

Ab  mortality 

Benthic  algae  mortality 

mg-D/L/d 

FLb 

Benthic  algae  growth  light  limit  factor 

Unitless 

FNb 

Benthic  algae  growth  N  limit  factor 

Unitless 

FPb 

Benthic  algae  growth  P  limit  factor 

Unitless 

FSb 

Benthic  algae  growth  space  limit  factor 

Unitless 

Nitrogen  cycle 

AP->OrgN 

Algal  mortality  into  organic  N 

mg-N/L/d 

OrgN~>Bed 

Organic  N  settling 

mg-N/L/d 

0rgN->NH4 

Organic  N  decay  into  NPI4 

mg-N/L/d 

AP->NH4 

Algal  respiration  into  NPI4 

mg-N/L/d 

NH4->AP 

Algal  uptake  from  NPI4 

mg-N/L/d 

NH4->N03 

NPI4  nitrification 

mg-N/L/d 

Bed<->NH4 

Sediment  release  of  NPI4 

mg-N/L/d 

N03->AP 

Algal  uptake  from  N03 

mg-N/L/d 

N03  denitrification 

N03  denitrification 

mg-N/L/d 

N03<->Bed 

Sdiment  N03  denitrification 

mg-N/L/d 

Ab-->OrgN 

Benthic  algae  mortality  into  organic  N 

mg-N/L/d 

Ab->NH4 

Benthic  algae  respiration  into  NPI4 

mg-N/L/d 

NH4->Ab 

Benthic  algae  uptake  from  NH4 

mg-N/L/d 

N03->Ab 

Benthic  algae  uptake  from  N03 

mg-N/L/d 

Phosphorous  cycle 

AP->OrgP 

Algal  mortality  into  organic  P 

mg-P/L/d 

OrgP-->Bed 

Organic  P  settling 

mg-P/L/d 

OrgP-->DIP 

Organic  P  decay  into  DIP 

mg-P/L/d 

Ap->DIP 

Algal  respiration  into  DIP 

mg-P/L/d 

DIP~>AP 

Algal  uptake  from  DIP 

mg-P/L/d 

TIP->Bed 

TIP  net  settling 

mg-P/L/d 

Bed<-->DIP 

Sediment  release  of  DIP 

mg-P/L/d 

Ab-->OrgP 

Benthic  algae  mortality  into  organic  P 

mg-P/L/d 

Ab->DIP 

Benthic  algae  respiration  into  DIP 

mg-P/L/d 

DIP->Ab 

Benthic  algae  uptake  from  DIP 

mg-P/L/d 
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Name 

Definition 

Units 

Carbon  Cycle 

AP~>POC 

Algal  mortality  into  POC 

mg-C/L/d 

Ap— >  DOC 

Algal  mortality  into  DOC 

mg-C/L/d 

POC->Bed 

POC  settling 

mg-C/L/d 

POC~>DOC 

POC  hydrolysis 

mg-C/L/d 

POM->DOC 

POM  dissolution 

mg-C/L/d 

Ab->POC 

Benthic  algae  mortality  into  POC 

mg-C/L/d 

Ab-->DOC 

Benthic  algae  mortality  into  DOC 

mg-C/L/d 

DOC-->Denitrification 

DOC  consumed  by  denitrification 

mg-C/L/d 

DOC~>DIC 

DOC  oxidation 

mg-C/L/d 

CBOD->DIC 

CBOD  oxidation 

mg-C/L/d 

Atm<->DIC 

Atmospheric  CO2  reaeration 

mol/L/d 

DIC->AP 

Algal  uptake  from  DIC 

mol/L/d 

Bed<->DIC 

Sediment  release  of  DIC 

mol/L/d 

Ab->DIC 

Benthic  algae  respiration  into  DIC 

mol/L/d 

DIC->Ab 

Benthic  algae  uptake  from  DIC 

mol/L/d 

Particulate  organic  matter 

AP->POM 

Algal  mortality  into  POM 

mg-D/L/d 

POM-->Bed 

POM  settling 

mg-D/L/d 

POM  dissolution 

POM  dissolution 

mg-D/L/d 

Ab->POM 

Benthic  algae  mortality  into  POM 

mg-D/L/d 

POM2  dissolution 

Sediment  POM  dissolution 

mg-D/L/d 

POM  deposition 

POM  deposition 

mg-D/L/d 

POM2  burial 

Sediment  POM  burial 

mg-D/L/d 

CBODi 

CBOD  i  oxidation 

CBOD  oxidation 

mg-02/L/d 

CBOD  i  sedimentation 

CBOD  net  sedimentation 

mg-02/L/d 

Dissolved  oxygen 

Atm<-->02 

Atmospheric  O2  reaeration 

mg-02/L/d 

DOs 

Dissolved  oxygen  saturation 

mg-02/L 

AP-->02 

O2  produced  by  algal  photosynthesis 

mg-02/L/d 

02-->Ap 

O2  consumed  by  algal  respiration 

mg-02/L/d 

O2— >Nitrifi  cation 

O2  consumed  by  nitrification 

mg-02/L/d 

02->D0C 

O2  consumed  by  DOC  oxidation 

mg-02/L/d 

02->CB0D 

O2  consumed  by  CBOD  oxidation 

mg-02/L/d 

Ab“>02 

O2  produced  by  benthic  algae 
photosynthesis 

mg-02/L/d 

ERDC/EL  TR-16-1 


70 


Name 

Definition 

Units 

02-->Ab 

O2  consumed  by  benthic  algae 
respiration 

mg-02/L/d 

SOD 

Sediment  oxygen  demand 

mg-02/L/d 

Pathogen 

PX  death 

Pathogen  death 

cfu/lOOmL/d 

PX  decay 

Pathogen  decay  by  sunlight 

cfu/lOOmL/d 

PX  settling 

Pathogen  settling 

cfu/lOOmL/d 

Alklinity 

AP->Alk 

Aik  increased  by  algal  respiration 

mg-CaC03/L/d 

Alk->AP 

Aik  decreased  by  algal  growth 

mg-CaC03/L/d 

Aik— >Nitrifi  cation 

Aik  decreased  by  nitrification 

mg-CaC03/L/d 

Denitrification— >Alk 

Aik  increased  by  denitrification 

mg-CaC03/L/d 

Ab->Alk 

Aik  increased  by  benthic  algae 
respiration 

mg-CaC03/L/d 

Alk->Ab 

Aik  decreased  by  benthic  algae  growth 

mg-CaC03/L/d 
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4  Nutrient  Simulation  Module  II  (NSMII) 

4.1  Overview 

The  NSMII  was  designed  to  conduct  an  advanced  water  quality  simulation. 
An  expansion  of  the  water  column  state  variables  in  NSMII  includes  twenty- 
four  water  quality  state  variables.  Included  in  NSMII  are  multiple  algal 
groups,  split  of  organic  nitrogen  and  phosphorous  into  dissolved  and 
particulate  species,  carbon  cycle,  pH,  and  benthic  sediment  diagenesis 
module.  In  addition,  NSMII  models  algae,  nutrient  cycles,  and  DO 
dynamics  in  more  detail  than  NSMI.  NSMII  also  allows  for  a  more  detailed 
parameterization  of  nitrogen,  phosphorous,  and  carbon  cycles  from  organic 
to  inorganic  species.  The  process  formulations  for  organic  matter  (C,  N,  P) 
decomposition,  nitrification,  and  oxidation  have  been  improved  in  NSMII. 
The  algorithms  and  formulations  incorporated  into  NSMII  were  adopted  in 
part  from  four  surface  water  quality  models:  QUAL2K  (Chapra  et  al.  2008), 
WASP  (Wool  et  al.  2006),  CE-QUAL-W2  (Cole  and  Wells  2008),  and  CE- 
QUAL-ICM  (Cerco  and  Cole  1993,  Cerco  et  al.  2004).  CE-QUAL-W2  (W2)  is 
a  2-D  longitudinal/vertical  hydrodynamic  and  water  quality  model  for 
rivers  and  lakes.  The  water  quality  and  hydrodynamic  routines  are  directly 
coupled  in  W2.  Water  quality  constituents  include  suspended  solids, 
coliforms,  total  dissolved  solids,  dissolved  organic  matter,  particulate 
organic  matter,  algae,  phosphorous,  ammonia,  nitrate,  DO,  CBOD, 
inorganic  carbon,  alkalinity,  pH,  iron,  and  zero-order  and  first-order 
benthic  sediments.  CE-QUAL-ICM  (ICM)  is  a  dynamic  water  quality  model 
that  can  be  applied  to  most  water  bodies  in  one,  two,  or  three  dimensions. 
The  ICM  can  model  more  than  30  state  variables,  including  physical 
properties;  multiple  forms  of  algae,  carbon,  nitrogen,  phosphorus,  and 
silica;  and  DO,  two  size  classes  of  zooplankton,  two  benthos  compartments, 
submerged  aquatic  vegetation,  epiphytes,  and  benthic  algae.  The  NSMII 
shares  many  algorithms  and  formulations  with  these  models. 

Figure  9  provides  an  overview  of  the  NSMII  representation  of  water 
quality  state  variables  and  major  processes  involved  in  the  water  column. 
Algae  may  be  either  floating  (phytoplankton)  or  attached  to  the  bed  such 
as  periphyton.  Floating  algae  are  subject  to  sinking  while  periphyton  are 
subject  to  substrate  limitations.  Diatoms  are  distinguished  from  other 
algae  in  that  they  need  silicate  to  grow.  Organic  matter  has  a  fundamental 
role  in  water  quality  processes,  which  cannot  be  identified  by  single 
lumped  organic  nitrogen,  phosphorus  and  carbon  state  variables  alone 
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(Connolly  and  Coffin  1995,  Shanahan  et  al.  1998,  Chapra  1999).  Compared 
to  NSMI,  NSMII  includes  dissolved,  refractory,  and  labile  particulate 
organic  species.  Labile  and  refractory  organic  matter  distinctions  are 
based  upon  relative  decay  rates  of  the  organics.  A  labile  fraction  describes 
organic  materials  that  decay  on  a  time  scale  of  days  to  weeks  while  a 
refractory  fraction  accounts  for  decay  processes  lasting  months  to  a  year. 
Note  that  the  NSMII  splits  dissolved  organic  carbon,  particulate  organic 
carbon,  nitrogen,  and  phosphorus  into  labile  and  refractory  fractions  but 
represents  dissolved  organic  nitrogen  and  phosphorus  as  homogenous 
components.  Water  quality  kinetics  for  CBOD,  pathogen,  and  alkalinity  are 
modeled  in  NSMII  as  for  NSMI. 


Figure  9.  Water  quality  state  variables  and  major  processes  modeled  in  NSMII. 


In  NSMII,  hydrolysis  of  particulate  organic  nutrient  pools  (N,  P,  C)  into 
dissolved  organic  form  is  simulated  as  a  first-order,  temperature-dependent 
process.  Mineralization  processes  account  for  bacterially  mediated  oxida¬ 
tion  of  dissolved  organic  matter.  Mineralization  of  the  organic  nutrient 
pools  back  to  inorganic  nutrients  (i.e.  NH4,  DIP,  DIC)  and  is  simulated  as  a 
first-order,  temperature-dependent  process.  Nitrification  and 
denitrification  influence  the  dissolved  inorganic  nitrogen  (DIN)  fraction. 
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These  processes  are  represented  as  first-order,  oxygen-dependent  reactions. 
The  attenuation  factor  of  the  kinetic  rate  due  to  low  oxygen  is  computed 
using  the  half-saturation  function.  Similar  to  NSMI,  NSMII  uses  a  single 
settling  rate  of  organic  matter  and  does  not  include  resuspension.  Both 
modules  rely  on  the  concept  of  net  settling.  This  net  settling  velocity 
represents  the  long-term  difference  between  settling  and  resuspension. 


Table  9.  Water  quality  state  variables  modeled  in  NSMII. 


Variable 

Definition 

Units 

Option 

A  pi 

Algae  (Phytoplankton) 

pg-Chla  L1 

1-3 

Ab 

Benthic  algae 

g-D  m  2 

On/Off 

Nitrate 

mg-N  L1 

On 

Ammonium 

mg-N  L1 

On 

Dissolved  organic  nitrogen 

mg-N  L1 

On 

Labile  particulate  organic  nitrogen 

mg-N  L'1 

On 

RPON 

Refractory  particulate  organic  nitrogen 

mg-N  L'1 

On 

Total  inorganic  phosphorus 

mg-P  L1 

On 

Dissolved  organic  phosphorus 

mg-P  L1 

On 

Labile  particulate  organic  phosphorus 

mg-P  L1 

On 

RPOP 

Refractory  particulate  organic  phosphorus 

mg-P  L1 

On 

DIC 

Dissolved  inorganic  carbon 

mol  L1 

On 

Labile  dissolved  organic  carbon 

mg-C  L1 

On 

Refractory  dissolved  organic  carbon 

mg-C  L-1 

On 

Labile  particulate  organic  carbon 

mg-C  L-1 

On 

Refractory  particulate  organic  carbon 

mg-C  L-1 

On 

Carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

0-10 

Methane 

mg-02  L-1 

On/Off 

Total  dissolved  sulfides 

mg-02  L1 

On/Off 

Dissolved  oxygen 

mg-02  L1 

On 

Particulate  biogenic  silica 

mg-Si  L1 

On/Off 

DSi 

Dissolved  silica 

mg-Si  L1 

On/Off 

PX 

Pathogen 

efu  (100  mL)1 

On/Off 

Aik 

Alkalinity 

mg-CaC03  L1 

On/Off 

In  NSMII,  hydrolysis  of  particulate  organic  nutrient  pools  (N,  P,  C)  into 
dissolved  organic  form  is  simulated  as  a  first-order,  temperature- 
dependent  process.  Mineralization  processes  account  for  bacterially 
mediated  oxidation  of  dissolved  organic  matter.  Mineralization  of  the 
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organic  nutrient  pools  back  to  inorganic  nutrients  (i.e.  NH4,  DIP,  DIC)  is 
simulated  as  a  first-order,  temperature-dependent  process.  Nitrification 
and  denitrification  influence  the  dissolved  inorganic  nitrogen  (DIN) 
fraction.  These  processes  are  represented  as  first-order,  oxygen-dependent 
reactions.  The  attenuation  factor  of  the  kinetic  rate  due  to  low  oxygen  is 
computed  using  the  half-saturation  function.  Similar  to  NSMI,  NSMII  uses 
a  single  settling  rate  of  organic  matter  and  does  not  include  resuspension. 
Both  modules  rely  on  the  concept  of  net  settling.  This  net  settling  velocity 
represents  the  long-term  difference  between  settling  and  resuspension. 

Table  9  lists  the  NSMII’s  water  quality  state  variables  and  the  symbols. 

The  NSMII  allows  the  user  to  turn  on/off  the  following  state  variables: 
benthic  algae,  CBOD,  silica,  methane,  sulfide,  alkalinity  and  pathogen. 
When  a  state  variable  is  bypassed,  the  user  does  not  have  to  provide  any 
input  parameters.  The  concentration  of  inorganic  suspended  soilds  is  a 
required  input  for  computing  partitioning  of  inorganic  P.  Alkalinity  and 
DIC  are  necessary  state  variables  active  for  computing  pH.  Two  options 
are  available  for  determining  SOD  and  benthic  sediment  releases.  The  first 
option  employs  user-specified  fluxes.  The  second  option  is  to  couple  the 
water  quality  kinetics  with  the  benthic  sediment  diagenesis  module,  as 
described  in  the  next  chapter.  The  sediment  diagenesis  module  internally 
computes  the  sediment-water  fluxes  based  on  deposition  of  organic 
particles  and  other  factors. 

4.2  Algae 

The  NSMII  can  model  up  to  three  algae  species  groups  based  on  dominant 
functions  as  diatoms,  green  algae,  blue-greens,  etc.  Algae  may  include 
microscopic  phytoplankton  and  free-floating  water  weeds  or  certain  types  of 
plants.  For  example,  most  freshwater  phytoplankton  are  made  up  of  green 
algae  and  cyanobacteria,  also  known  as  blue-green  algae.  Marine 
phytoplankton  are  mainly  composed  of  microalgae  and  diatoms,  though 
other  algae  and  cyanobacteria  can  be  present.  Diatoms  differ  from  other 
species,  in  part  because  of  their  dependency  on  dissolved  silica  for  growth. 
The  use  of  multiple  groups  within  NSMII  allows  for  a  more  detailed 
representation  of  the  algae  dynamics  of  the  system,  such  as  representations 
of  phytoplankton  species.  Proper  group  aggregation  can  provide  insight  into 
potential  problems  associated  with  modeled  algal  biomass  magnitudes  and 
timing  of  blooms  (Baird  2010). 
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Algal  biomass  with  each  group  is  modeled  as  an  independent  state  variable 
with  different  nutrient  and  chlorophyll-a  contents,  attenuation  coefficient, 
growth  rate,  respiration  rate,  and  mortality  rate.  The  basic  kinetics 
affecting  algal  growth  and  death  are  identical  for  the  three  groups  with  a 
distinction  in  the  assigned  growth  kinetic  constants  for  each  group.  Algal 
involvement  in  the  nutrient  cycles  is  explained  in  the  following  sections. 

4.2.1  Stoichiometric  ratios 

The  stoichiometric  ratios  associated  with  algal  biomass,  carbon,  nitrogen, 
phosphorous,  carbon  and  oxygen  must  be  prescribed  in  NSMII.  Table  10 
summarizes  stoichiometric  ratios  internally  computed  in  NSMII. 


Table  10.  Stoichiometric  ratios  of  algae  and  oxygen  internally  computed  in  NSMII. 


Symbol 

Definition 

Unit 

Formulation3 

r nai 

algal  N  :  Chla  ratio 

mg-N  pg-Chla  1 

r„ai  =  A  Wn  /A  Wa 

r pai 

algal  P  :  Chla  ratio 

mg-P  pg-Chla1 

rpai  =  A  Wp/AWa 

r cdi 

algal  C  :  D  ratio 

mg-C  mg-D1 

rcdi=AWc/AWd 

r cai 

algal  C  :  Chla  ratio 

mg-C  pg-Chla  1 

rcai  =  AWc/AWa 

r dai 

algal  D  :  Chla  ratio 

mg-D  pg-Chla1 

rdai  =  AWd/ A  Wa 

r s/a/ 

algal  Si  :  Chla  ratio 

mg-Si  pg-Chla-1 

rM=AWjAWa 

r oc 

O2 :  C  ratio  for  carbon  oxidation 

g-02  g-C1 

roc  =  32/12 

r on 

O2  :  N  ratio  for  nitrification 

g-02  g-N1 

ron  =  2-32/14 

a  The  symbols  are  defined  in  Table  20.  Subscript  /  represents  a  specific  algal  group. 


4.2.2  Algal  kinetics 

Algae  are  modeled  with  NSMII  as  is  done  previously  with  NSMI.  The 
NSMII  allows  the  specification  of  up  to  three  algal  groups.  These  groups 
may  be  defined  based  on  their  functions.  Each  group  is  governed  by  the 
same  kinetic  equation.  Distinctions  between  the  groups  are  represented  by 
using  different  parameter  values.  A  variable  stoichiometry  with  respect  to 
each  algal  group  is  allowed.  Algal  sources  (+)  and  sinks  (-)  include 
photosynthesis  or  growth,  respiration,  mortality,  and  settling.  Attenuation 
factor  due  to  low  oxygen  for  algal  respiration  is  computed  using  the  half¬ 
saturation  function.  For  each  algae  group,  internal  source  (+)  and  sink  (-) 
equation  of  algae  biomass  can  be  written  as 
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j; 

Algal 

^F0xpiKpi(T)-Api 

Algal 

-kdfn(T)- A fn 

Algal 

V 

_  sai  a 

h  pi 

Algal 

growth,  (4-1) 

respiration, 

mortality, 

settling, 


where 

APi  =  algae  (pg-Chla  LA), 
fipi(T)  =  growth  rate  of  algal  group  i  [d1], 
krpi(T)  =  respiration  rate  of  algal  group  i  (d1), 
kdpi(T)  =  death  rate  of  algal  group  i  (d1), 

Vsai  =  settling  velocity  of  algal  group  i  (m  d1), 

Foxpi  =  oxygen  attenuation  factor  for  algal  respiration  (o-i.o). 


The  subscript  “i"  in  the  above  equation  is  used  to  represent  a  specific  algal 
group. 


Attenuation  factor  due  to  low  oxygen  for  algal  respiration  is  computed 
using  the  half-saturation  function 

^,=BO/(^.+CO),  (4.2) 


where 

KsOxpi  =  half-saturation  oxygen  attenuation  constant  for  algal 
respiration  (mg-02  L1)- 

Total  algal  biomass  expressed  as  chlorophyll-a  and  dry  weight  can  be 
computed  as 


(4.3a) 


3 


1 


(4.3b) 
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where 

Chla  =  chlorophyll-a  (pg-Chla  L1), 

Vdai  =  algal  D  :  Chla  ratio  (mg-D  pg-  Chla'1), 

APd  =  algae  (dry  weight)  (mg-D  I/1). 

4.2.3  Algal  growth  rate 

Algal  growth  is  dependent  upon  temperature,  light,  and  nutrient  levels, 
which  modify  the  maximum  growth  rate  to  ambient  conditions  (Kiffney 
and  Bull  2000,  Weckstrom  and  Korhola  2001,  Cascallar  et  al.  2003).  The 
algal  growth  rate  is  a  complicated  function  of  the  species  of  algae  present 
and  their  differing  reactions  to  solar  radiation,  temperature,  and  the 
balance  between  nutrient  availability  and  algae  requirements. 
Temperature,  nutrient,  and  light  impacts  on  algal  growth  are  simulated 
using  a  multiplicative  formulation.  For  each  algal  group,  its  growth  rate  is 
determined  by  the  maximum  potential  growth  rate  multiplied  by  the 
minimum  value  due  to  limitation  by  temperature;  light;  nitrogen; 
phosphorous;  and,  when  diatoms  are  considered,  silica 

u  ct)  =  u  ft  fn  fl  (4.4) 

r^pi  v  s  r^rnxpi  pi  pi  pi 


where 

fimxpi  =  maximum  growth  rate  of  algal  group  i  (d1), 

FTpi  =  temperature  limiting  factor  of  algal  group  I, 

FNpi  =  nutrient  limiting  factor  of  algal  group  i  (o  - 1.0), 

FLpi  =  light  limiting  factor  of  algal  group  i  (o  -1.0). 

Note  that  nutrient  limitation  and  harmonic  mean  options  in  NSMI  are  not 
included  in  NSMII;  the  multiplicative  formulation  is  likely  to  provide  a 
realistic  representation  of  growth  limitation. 

4.2.3. 1  Temperature  limitation 

Arrhenius  Equation  or  theta  temperature  function  is  used  in  NSMI  for 
adjusting  essentially  all  kinetic  rates.  This  correction  function  does  not 
account  for  algae  growth  at  the  temperature  optimums.  In  NSMII,  the 
growth  rates  of  algal  groups  are  controlled  with  temperature  optimums  that 
maximize  growth  at  a  certain  temperature  and  decrease  growth  above  and 
below  this  temperature.  In  this  manner,  growth  of  winter,  summer,  and  fall 
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algal  groups  can  peak  at  different  times  of  the  year  or  within  different 
temperature  ranges.  Algal  production  increases  as  a  function  of  temperature 
until  an  optimum  temperature  is  reached.  Above  the  optimum,  production 
declines  until  a  temperature  lethal  to  the  organism  is  attained  (Figure  to). 
This  function  is  similar  to  a  Gaussian  probability  curve  and  different  from 
the  Arrhenius  Equation  used  in  NSMI.  The  temperature  correction 
algorithms  for  algal  growth  in  NSMII  were  adapted  from  ICM.  The 
temperature  correction  function  is  given  by 

FTpi  =  e  kt""{T“!  T;"”)2  Tw  <  Topi,  (4.5a) 


FTpi  =  e  ttj,2iCr°pi  T"’r  Tw  >  Topi, 


(4.5b) 


where 

Topi  =  optimal  temperature  for  algal  growth  (°C), 

ktpii  =  effect  of  temperature  below  Top  on  algal  growth  (°C_2), 

ktp2i  =  effect  of  temperature  above  Top  on  algal  growth  (°C“2). 


Figure  10.  Dependence  of  algal  growth  on  temperature. 


4. 2. 3. 2  Light  limitation 

Sunlight  is  the  most  limiting  factor  for  algal  growth,  followed  by  nitrogen 
and  phosphorus  limitations.  For  the  effect  of  light  on  the  algal  growth  rate, 
it  is  assumed  that  light  attenuation  through  the  water  follows  the  Beer- 
Lambert  law.  There  are  three  different  models  for  quantifying  the  effects 
of  light  limitation  of  algal  growth:  half-saturation  function  (Baly  1935), 
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Smith’s  function  (Smith  1936),  and  Steele’s  function  (Steele  1962).  These 
functions  have  been  described  in  NSMI. 

Half-saturation  function: 


FL 


pi 


A  h 


-In 


KLi+I0 


K  u  F IQ  - 6 


-A  A 


(4.6) 


Smith’s  function: 


FL 


pi 


Xh 


-In 


7°  1  1 

A 

1 10  } 

2 

ku + i 

V  A 

L 

/  \  2 

k 

Steele’s  function: 


FL 


2.718 


pi 


Xh 


f  7°  )P-A-/i 

VliJ 

e  k 

(4.7) 


(4.8) 


where 

A  =  light  attenuation  coefficient  (nr1), 

Ku  =  light  limiting  constant  for  algal  growth  (W  nr2). 

4. 2. 3. 3  Nutrient  limitation 

Varying  nutrient  levels  on  the  growth  rate  of  algae  must  be  evaluated. 
Algae  require  at  least  some  critical  nutrients  to  stimulate  the  growth  of  the 
population.  As  the  nutrient  level  is  increased,  growth  commences. 
However,  as  nutrient  levels  continue  to  increase,  the  effect  on  the  growth 
rate  of  algae  is  reduced.  The  nutrient  limiting  factor  for  each  algal  group  is 
expressed  as 


FNpi  =  min 


(NH  4  +  NO  3)  DIP 

KsNpi  +  (NH4  +  N03)  ’  KsPpi  +  DIP 


(4.9a) 
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where 

NH4  =  ammonium  (mg-N  IN), 

NO 3  =  nitrate  (mg-N  IN), 

DIP  =  dissolved  inorganic  phosphorus  (mg-P  IN), 

KsNpi  =  half-saturation  N  limiting  constant  for  algal  growth  (mg-N  IN), 
KsPpi  =  half-saturation  P  limiting  constant  for  algal  growth  (mg-P  In). 

When  diatoms  are  modeled,  silica  limitation  should  be  included  as  a 
component  of  nutrient  limiting  factors.  The  other  groups  of  algae  do  not 
require  silica  for  their  growth,  and  therefore  silica  is  not  considered  as  a 
limiting  nutrient.  For  the  diatom  species,  the  silica  limitation  function  is 
similar  to  that  for  nitrogen  and  phosphorus  in  the  sense  that  growth  rates 
are  reduced  owing  to  the  presence  of  low  silica.  The  nutrient  limiting 
factor  with  silica  limitation  is  expressed  as 


FNpi  =  min 


(NHA  +  N03)  DIP  DSi 

KsNpi  +  P4  +  N03)’ KsPpi  +  DIP  ’ KsPSipi  +  DSi 


(4.9b) 


where 

DSi  =  dissolved  silica  (mg-Si  IN), 

KsSipi  =  half-saturation  Si  limiting  constant  for  algal  growth  (mg-Si  IN). 

4.2.4  Nitrogen  uptake  preference 

Nitrogen  and  phosphorus  are  essential  to  algae  for  assimilation  of  proteins 
and  enzymes.  Algae  reduce  the  concentration  of  nutrients  in  the  water  by 
consuming  NH4,  NO3,  and  inorganic  phosphorous.  The  uptake  of  dissolved 
silica  is  species  dependent.  With  the  exception  of  diatoms,  the  other  groups 
of  algae  do  not  require  silica  for  their  growth.  Through  assimilation,  these 
nutrients  are  transformed  into  organic  materials  that  serve  as  a  food  source. 
A  portion  of  the  organic  matter  that  is  not  used  for  food  decomposes,  which 
further  affects  the  oxygen  and  nutrient  levels  in  the  water  bodies.  Although 
algae  take  up  uses  both  NH4  and  NO3,  their  preference  for  the  former  has 
been  demonstrated  for  physiological  reasons  (Walsh  and  Dugdale  1972). 
Algae  and  other  microorganisms  prefer  NH4  above  NO3.  Stanley  and 
Hobbie  (1981)  observed  that  the  uptake  of  NH4  by  river  plankton  was  three 
times  as  high  as  the  NO3  uptake,  although  the  NH4  concentration  was  only 
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half  of  the  NO3  concentration.  This  means  the  turnover  rate  of  the  NH4  was 
six  times  higher  than  the  turnover  rate  of  NO3. 


The  algal  preference  factor  for  NH4  defines  the  relative  preference  of  algae 
for  NH4  and  NO3.  A  preference  fraction  of  algal  uptake  from  NH4  as  a 
nitrogen  source  is  expressed  as 


,  NH4N03 

m  ~  (fc.m„  +  JVH4X^,  +  JV03) 


(NH4  +  N03)(ksnxpj  +  N03) 


,(4.10) 


where 

ksnxpi  =  half  saturation  NH4  preference  constant  for  algal  uptake  (mg- 

NL-0, 

PNpi  =  preference  fraction  of  algal  N  uptake  from  NH4  (0-1.0). 


4.2.5  Algal  mortality  and  settling 

Algal  mortality  can  occur  as  a  response  to  unfavorable  environmental 
conditions.  Phytoplankton  under  stress  may  suffer  greatly  increased 
mortality  due  to  autolysis  and  parasitism  (Harris  1986).  Stressful  changes 
include  nutrient  depletion,  unfavorable  temperature,  and  damage  by  light 
(LeCren  and  Lowe-McConnell  1980).  A  fraction  of  algal  mortality  is 
assumed  to  go  to  refractory  organic  matter;  a  small  fraction  goes  to  labile 
organic  matter. 


Phytoplankton  that  settle  to  the  bottom  (that  are  not  linked  to  benthic 
algae)  are  considered  to  become  sediment  organic  matter.  The  settling  algae 
can  be  a  significant  source  of  nutrients  to  the  sediments  and  also  contribute 
an  important  role  in  the  sediment  oxygen  demand.  Reported  algal  settling 
rates  typically  range  from  0.1  to  5  m  d1  (Bienfang  et  al.  1982,  Riebesell 
1989,  Waite  et  al.  1992).  In  some  instances  however,  the  settling  velocity  is 
zero  or  negative.  The  algal  settling  rate  used  in  NSMII  represents  the  net 
effect  of  all  physiological  and  behavioral  processes  that  result  in  the 
downward  transport  of  algae.  Actual  settling  in  natural  waters  is  a  complex 
phenomenon,  affected  by  vertical  turbulence,  density  gradients,  and  the 
physiological  state  of  the  different  species  of  algae.  Settling  velocities  for 
each  algal  group  are  specified  as  input  parameters. 
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4.2.6  Light  attenuation  coefficient 

The  same  formulation  included  in  NSMI  is  used  for  calculating  the  light 
attenuation  coefficient  (A).  The  light  attenuation  coefficient  in  the  water 
column  is  the  sum  of  background  attenuation  (A0),  attenuation  due  to 
inorganic  material  (As),  organic  matter  (Am),  linear  and  nonlinear 
chlorophyll-a  (Ai,  A2) 

^  =  V^Em»  +  KpOM  +  A  ±Chla  +  A2  ( Chlaf 3 ,  (4.11) 

where 

A o  =  background  light  attenuation  (nr1), 

As  =  light  attenuation  by  inorganic  suspended  solids  (L  mg1  nr1), 

Am  =  light  attenuation  by  organic  matter  (L  mg1  nr1), 

Xi  =  linear  light  attenuation  by  algae  (nr1  (pg-Chla  L1)1), 

X2  =  nonlinear  light  attenuation  by  algae  (nr1  (pg-Chla  L'1)-2^), 
POM  =  particulate  organic  matter  (mg-D  L1), 

mn  =  concentration  of  inorganic  suspended  solid  “n”  (mg  L1). 

4.3  Benthic  Algae 

Benthic  algae  are  included  in  NSMII  as  an  optional  state  variable.  Benthic 
algae  are  computed  on  an  areal  base  of  benthic  sediment  and  quantified  as 
biomass  per  unit  bottom  area.  Benthic  algae  are  modeled  in  NSMII  as  for 
benthic  algae  in  NSMI,  except  for  the  temperature  limiting  factor.  The 
growth  of  benthic  algae  consumes  nutrients  and  produces  oxygen.  Benthic 
algae  also  die  and  recycle  as  dissolved  and  particulate  organic  matter, 
adding  to  the  aquatic  carbon  and  nutrient  pools. 

4.3.1  Stoichiometric  ratios 

Table  11  summarizes  the  stoichiometric  ratios  related  to  benthic  algae  in 
NSMII.  Benthic  algae  nitrogen,  phosphorus,  and  carbon  can  be  converted 
to  dry  weight  biomass  or  any  of  the  other  units. 
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Table  11.  Stoichiometric  ratios  of  benthic  algae  internally  computed  in  NSMII. 


Symbol 

Definition 

Unit 

Formulation* 

T nb 

benthic  algae  N  :  D  ratio 

mg-N  mg-D1 

r„b  =BWn/BWd 

rPb 

benthic  algae  P  :  D  ratio 

mg-P  mg-D1 

rpb=BWp/BWd 

r cb 

benthic  algae  C  :  D  ratio 

mg-C  mg-D*1 

rcb=BWc/BWd 

r i ab 

benthic  Chla  :  D  ratio 

pg-Chla  mg-D1 

rab  =  BWa/BWd 

*  The  symbols  are  defined  in  Table  21. 


4.3.2  Benthic  algae  kinetics 

Benthic  algae  are  computed  in  terms  of  density  per  unit  bottom  area  as  dry 
weight  biomass  (g-D  nr2).  The  mass  balance  equation  for  benthic  algae 
biomass  due  to  the  growth,  respiration,  and  death  can  be  written  as 


-jL  =  Juh(T)-Ab  Benthic  algae  growth,  (4.12) 

at 


Fxb^rb  (T7)  '  Ab 


Benthic  algae  respiration, 


kdb  (^0  '  A 


Benthic  algae  mortality, 


where 


Ab  =  benthic  algal  biomass  (g-D  nr2), 

/ ub(T ')  =  benthic  algal  growth  rate  (d1), 
krb(T)  =  benthic  algal  base  respiration  rate  (d1), 
kdb(T)  =  benthic  algal  mortality  rate  (d1), 

Foxb  =  oxygen  attenuation  factor  for  benthic  algal  respiration  (o-i.o). 

Attenuation  factor  due  to  low  oxygen  for  benthic  algae  respiration  is 
computed  using  the  half-saturation  function 

Fo,„  =  DO/{Km  +  DO),  (4.13) 


where 

KsOxb  =  half-saturation  oxygen  attenuation  coefficient  for  benthic  algae 
respiration  (mg-02  L1). 
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Benthic  algal  biomass  can  be  converted  into  chlorophyll-a  using  the 
following  equation 


Chib  =  rabAh , 


(4.14) 


where 

rab  =  benthic  Chla  :  D  ratio  (pg-Chla  mg-D1)- 
Chib  =  benthic  chlorophyll-a  (mg-Chla  nr2). 

4.3.3  Benthic  algae  growth  rate 

The  benthic  algae  kinetic  rate  is  computed  in  NSMII  as  is  done  previously 
with  NSMI,  with  the  exception  that  the  temperature  limiting  factor  is 
computed  differently.  The  benthic  algae  growth  rate  is  a  function  of 
temperature,  nutrients,  and  light,  all  based  on  the  maximum  rate.  Unlike 
algae,  bottom  light  rather  than  average  water  column  light  is  used  in  the 
computation  of  benthic  algae  growth 

hbm  =  lumrhFThFLbFNhFSb,  (4.15) 


where 

fimxb  =  maximum  benthic  algae  growth  rate  (d1), 

FTb  =  temperature  effect  factor  on  benthic  algal  growth, 

FNb  =  nutrient  limiting  factor  for  benthic  algal  growth  (o-i.o), 

FLb  =  light  limiting  factor  for  benthic  algal  growth  (o-i.o), 

FSb  =  space  density  limiting  factor  for  benthic  algae  growth  (o-i.o). 

4.3.3. 1  Temperature  limitation 

The  theta  function  is  used  in  NSMI  for  calculating  the  temperature 
limiting  factor.  The  effect  of  temperature  on  benthic  algal  growth  rate  is 
simulated  as  for  floating  algae  using  a  Gaussian  temperature  function 


FTb  =  e  kt^(T--T'F2  Tw  <  Tob,  (4.16a) 

FT  _  Q-ktb2Wob~Twy 


Tw  >  Tob 


(4.16b) 
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where 

Tob  =  optimal  temperature  for  benthic  algal  growth  (°C), 

ktbi  =  effect  of  temperature  below  Tob  on  benthic  algal  growth  (°C“2), 

ktb2  =  effect  of  temperature  above  Tob  on  benthic  algal  growth  (°C_2). 

4. 3. 3. 2  Light  limitation 

Three  alternative  formulations  are  included  for  calculating  the  benthic  algae 
light  limiting  factor.  These  formulations  have  been  described  in  NSMI. 

Half-saturation  function: 


Smith’s  function: 


Steele’s  function: 


FL 


l0-e 


-Aft 


K-Lb  F I  n  '  6 


-Aft 


FL, 


L-e 


Kr 


(4.17) 


(4.18) 


(4.19) 


where 


Kib  =  light  limiting  constants  for  benthic  algae  growth  (W  nr2). 


4. 3. 3. 3  Nutrient  limitation 

The  nitrogen  and  phosphorous  limiting  factor  for  benthic  algae  growth  is 
expressed  using  a  half-saturation  function. 


FNb  =  min 


(NH4  +  NQ3) _ DIP 

KsNb  +  (NH4  +  N03)  ’  KsPb  +  DIP 


(4.20) 
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where 

Ksm  =  half-saturation  N  limiting  constant  for  benthic  algae  growth 
(mg-N  IN), 

KsPb  =  half-saturation  P  limiting  constant  for  benthic  algae  growth 
(mg-P  IN). 

4. 3. 3. 4  Space  limitation 

The  following  equation  is  used  to  attenuate  the  growth  of  benthic  algae  by 
bottom  space 


FS„ 


1 


A 

Ksb  +  A 


(4.21) 


where 


Ksb  =  half-saturation  density  constant  for  benthic  algae  growth  (g-D  nr2). 


4.3.4  Nitrogen  uptake  preference 

The  nitrogen  uptake  rates  for  bottom  algae  depend  on  both  available  NH4 
and  nitrate.  The  preference  fraction  of  benthic  algae  nitrogen  uptake  from 
NH4  as  a  nitrogen  source  is  expressed  as 


NH4-NQ3  NH4-ksnxb 

+  N03)  (M/4  +  NOSKk^  +  m3) ' 


(4.22) 


where 


ksnxb  =  half  saturation  NH4  for  benthic  algae  uptake  (mg-N  IN), 
Pm  =  NH4  preference  factor  for  benthic  algae  growth  (0-1.0). 


Mortality  of  benthic  algae  contributes  to  the  concentration  of  particulate 
organic  matter  in  the  sediments.  The  contribution  of  benthic  algae  to 
sediment  particulate  organic  matter  is  defined  as  a  fraction  of  the 
mortality  rate. 
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4.4  Nitrogen  Species 

The  nitrogen  species  commonly  found  in  surface  water  are  NO3,  NO2,  NH4, 
DON,  and  PON  (Meybeck  1982).  The  concentration  of  dissolved  organic 
nitrogen  (DON)  frequently  exceeds  that  of  DIN,  including  NO3,  NO2  and 
NH4.  The  DON  pool  in  natural  waters  is  not  inert  and  can  be  an  important 
sink  and  source  for  the  nitrogen  cycle  (Berman  and  Bronk  2003).  Compared 
to  NSMI,  DON  is  included  as  a  state  variable.  Nonliving  particulate  organic 
nitrogen  is  represented  with  two  state  variables  as  refractory  and  labile 
particulate  organic  nitrogen  (RPON  and  LPON).  Figure  11  shows  an 
overview  of  the  NSMII  representation  of  nitrogen  species  and  a  simplified 
nitrogen  cycle  involved  in  the  water  column.  Five  nitrogen  state  variables 
are  included  in  NSMII:  RPON,  LPON,  DON,  NH4,  and  NO3. 


Figure  11.  Water  column  nitrogen  species  and  major  processes  modeled  in 

NSMII. 


Particulate  organic  nitrogen,  whether  refractory  or  labile,  decomposes  to 
DON  through  hydrolysis.  The  DON  mineralizes  to  NH4,  which  is 
subsequently  nitrified  to  NO2  and  NO3  via  a  reaction  in  which  DO  is 
consumed.  The  primary  internal  source  of  inorganic  nitrogen  is  from 
organic  nitrogen  as  it  transforms  into  NH4.  Nitrification  is  an  aerobic 
reaction;  therefore,  the  reaction  decreases  as  DO  concentrations  decrease 
below  a  certain  value.  Thus,  the  nitrification  reaction  is  dependent  on  DO 
concentrations  and  on  water  temperature.  The  denitrification  of  NO3  to 
nitrogen  gas  is  an  anaerobic  reaction  that  varies  with  temperature.  The 
primary  sink  of  the  inorganic  nitrogen  forms  the  algal  uptake.  NH4  and 
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NO3  are  used  during  algal  growth;  however,  the  preferred  form  is  NH4. 
The  rate  at  which  each  is  taken  up  is  a  function  of  its  concentration  relative 
to  the  available  dissolved  inorganic  nitrogen  (NH4  plus  NO3).  During  algal 
respiration  and  death,  a  fraction  of  the  algal  cellular  nitrogen  is  returned 
to  the  inorganic  pool  in  the  form  of  NH4.  The  remaining  fraction  is 
recycled  to  the  dissolved  and  particulate  organic  nitrogen  pools.  The 
benthic  algae  are  linked  to  the  nitrogen  cycle  via  the  processes  of  growth, 
respiration,  and  death,  as  shown  in  Figure  11. 

The  nitrification  rate  is  computed  using  Michaelis-Menten  kinetics 
(Michaelis  and  Menten  1913)  with  respect  to  both  DO  and  NH4.  The  first 
function  attenuates  nitrification  due  to  low  DO  concentration.  The  second 
function  takes  account  of  the  effect  of  NH4  concentration  on  nitrification. 
Denitrification  is  included  for  the  water  column  and  benthic  sediments. 
Sediment -water  fluxes  of  NH4  and  NO3  are  either  a  source  of,  or  sink  for, 
these  nutrients  in  the  water  column.  If  the  sediment  diagenesis  module  is 
included  (see  Chapter  5),  sediment-water  fluxes  of  NH4  and  NO3  are 
explicitly  computed,  otherwise  inorganic  nitrogen  released  from  the 
sediment  bed  is  specified  by  the  user.  Table  12  presents  the  pathway  terms 
(sources  and  sinks)  for  the  nitrogen  state  variables  included  in  NSMII. 


Table  12.  Major  pathways  for  nitrogen  state  variables  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

RPON 

Algal  mortality  (AP~>RPON) 

Hydrolysis  (RPON->DON) 

Settling  (RPON->Bed) 

LPON 

Algal  mortality  (Ap-->LP0N) 

Hydrolysis  (LPON~>DON) 

Settling  (LPON~>Bed) 

DON 

Hydrolysis  of  LPON  and  RPON 
(RPON~>DON,  LPON~>DON) 

Algal  mortality  (AP-->DON) 

Mineralization  (D0N-->NH4) 

NH4 

Algal  respiration  (AP~>NH4) 
Mineralization  (D0N-->NH4) 
Sediment  release  (Bed<-->NH4) 

Algal  uptake  (NH4->AP) 

Nitrification  (NH4-->N03) 

N03 

Nitrification  (NH4-->N03) 

Algal  uptake  (N03->AP) 

Denitrification  (N03-->N2) 

Sediment  denitrification  (N03<-->Bed) 

The  sum  of  each  of  source  (+)  and  sink  (-)  terms  in  the  appropriate 
column  above  table  can  then  be  used  to  compute  the  net  rate  for  each 
nitrogen  state  variable.  The  internal  source  and  sink  equations  for 
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nitrogen  state  variables  (RPON,  LPON,  DON,  NH4,  NO3)  in  the  water 
column  are  given  below. 

4.4.1  State  variables 

Refractory  Particulate  Organic  Nitrogen  (RPON): 


SRPON  3 

-^  =  FrponPlkjT)-rnaiApi  Algal  mortality  (Ap->RPON),  (4-23) 

-Kpon(T)-RPON  RPON  hydrolysis  (RPON->DON), 

- 'f- RPON  RPON  settling  (RPON->Bed), 

h 

'^’rponb^db  (t ) •  rnbAbFbFw  Benthic  algae  mortality  (Ab-->RPON), 


where 


RPON 

Frponp 

krpon(T) 


Vsr 

Frponb 

Fw 

Fb 


refractory  particulate  organic  nitrogen  (mg-N  IN), 
fraction  of  benthic  algae  mortality  into  RPON  (0-1.0), 
hydrolysis  rate  of  RPON  (d1), 

refractory  organic  particulate  (C,N,P)  settling  velocity  (m  d1), 
fraction  of  benthic  algal  mortality  into  RPON  (0-1.0), 
fraction  of  benthic  algae  mortality  into  the  water  column  (0-1.0), 
fraction  of  bottom  area  available  for  benthic  algae  growth  (0-1.0). 


Labile  Particulate  Organic  Nitrogen  (LPON): 

dLPON  3 

— Jt —  =  FiponpTJkdpi(T)-rnaiApi  Algal  mortality  (Ap->LPON),  (4-24) 

~kipon(T)-LPON  LPON  hydrolysis  (LPON->DON), 

-—LPON  LPON  settling  (LPON->Bed), 

h 

+  jiFiPonbkdb(T)-rnbAbFbFw  Benthic  algae  mortality  (Ab->LPON), 


where 
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LPON  =  labile  particulate  organic  nitrogen  (mg-N  L1), 

Fiponp  =  fraction  of  algal  mortality  into  LPON  (o-i.o), 
kipon(T)  =  hydrolysis  rate  of  LPON  (d1), 

Vsi  =  labile  organic  particulate  (C,N,P)  settling  velocity  (m  d1) 
Fiponb  =  fraction  of  benthic  algal  mortality  into  LPON  (o-i.o). 


Dissolved  Organic  Nitrogen  (DON): 


8DON 


=  k(T)-RPON 


dt  ,pon 

klp,jT)-LPON 


DO 


KsOxmn+DO 


kdon(T)-DON 


RPON  hydrolysis  (RP0N->D0N), 
LPON  hydrolysis  (LP0N->D0N), 

DON  mineralization  (D0N-->NH4), 


+  0 - Frponp -Fiponp)Tjkdpi(TyrnaiApi  Algal  mortality  (Ap->D0N), 


^-Kponb -FiPonb)Kb(.T)-rnbAbFbK  Benthic  algae  mortality  (Ab->D0N), 


where 


DON  =  dissolved  organic  nitrogen  (mg-N  L1), 
kdon(T)  =  mineralization  rate  of  DON  (d1), 

KsOxmn  =  half-saturation  oxygen  attenuation  constant  for  DON, 
mineralization  (mg-02  L1). 

Ammonium  (NH4): 


dNH  4  DO 


&  FsOxmn  +  DO 


kdon(T)-DON 


DO 


NH  4 


Ks0xna+DOKsNh4+NH  4 


+  YJFOxpiKi(j)-rnaiA 

i 

3 

~TjPNPiFAT)-rnaiA 


kmt(T)-NH  4 


pi 


pi 


DON  mineralization  (D0N-->NH4), 

NH4  nitrification  (NH4-->N03), 

Algal  respiration  (AP->NH4), 


(4.25) 


(4.26) 


Algal  uptake  (NH4->AP), 
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+  ,  Fo*bKb(T)-r„bAFb 
h 

~  ,  PmPb  (P)  '  rnb  Ab  Fj, 
h 

1 


Benthic  algae  respiration  (Ab->NH4), 
Benthic  algae  uptake  (NH4->Ab), 
Sediment  release  (Bed<->NH4), 


where 


knit(T)  =  nitrification  rate  (d1), 

rnh4  =  sediment  release  rate  of  NH4  (g-N  nr2  d1), 

KsOxna  =  half-saturation  oxygen  attenuation  constant  for  nitrification 
(mg-02  L1)- 

Nitrate  (NO3): 


dN03 

dt 


DO 


NH  4 


Ks0xm+DOKm4+NH  4 


knit(T)-NH  4 


NH4  nitrification  (NH4->N03), 


(4.27) 


1 — 

V  Fs0xdn  +  DOj 


kdmt(T) '  N03 


N03  denitrification  (N03-- 
>Loss), 


-lO-VM*1) 

i 


.  y  A 

'  nai^ pi 


Algal  uptake  (N03->AP), 


\_ 

~h 


0~Pm,)Mb(T)-r„bAbFb 


Benthic  algae  uptake  from  N03 
(N03->Ab), 


-Dw3_no3 

h 


Sediment  denitrification  (N03<-- 
>Bed), 


where 

kdnit(T)  =  denitrification  rate  (d1), 

KsOxdn  =  half-saturation  oxygen  inhibition  constant  for  denitrification 
(mg-02  L-1), 

Vno3  =  sediment  denitrification  velocity  (m  d1)- 

4.4.2  Derived  variables 

Derived  variables  related  to  nitrogen  species  are  computed  as 
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DIN  =  NH 4  +  1V03  , 

(4.28a) 

3 

TON  =  DON  +  LPON  +  RPON  +  ^rnaiAj); , 

i 

(4.28b) 

TKN  =  NH4  +  TON, 

(4.28c) 

TN  =  N03  +  TKN, 

(4.28d) 

where 

DIN  =  dissolved  inorganic  nitrogen  (mg-N  L1), 

TON  =  total  organic  nitrogen  (mg-N  L1), 

TKN  =  total  Kjeldahl  nitrogen  (mg-N  L1), 

TN  =  total  nitrogen  (mg-N  I/1). 

4.5  Phosphorus  Species 

Phosphorus  is  found  as  soluble  organic  compounds,  such  as  DNA  and 
RNA  (collectively  known  as  Dissolved  Organic  Phosphorus— DOP),  and  in 
a  number  of  insoluble  (particulate)  forms.  Similar  to  the  nitrogen  cycle, 
DOP  is  included  in  NSMII  as  a  state  variable.  Particulate  organic 
phosphorus  is  represented  with  two  state  variables:  as  refractory  and  as 
labile  particulate  organic  phosphorus  (RPOP  and  LPOP).  Similar  to  NSMI, 
TIP  is  included  as  a  single  state  variable.  The  TIP  accounts  for  both  the 
dissolved  inorganic  phosphorous  (DIP)  and  the  particulate  inorganic 
phosphorous  (PIP).  Figure  12  shows  an  overview  of  the  NSMII 
representation  of  phosphorous  species  and  a  simplified  phosphorous  cycle 
involved  in  the  water  column.  Four  phosphorus  state  variables  are 
included  in  NSMII:  RPOP,  LPOP,  DOP,  and  TIP. 
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Figure  12.  Water  column  phosphorus  species  and  major 
processes  modeled  in  NSMII. 


The  particulate  and  dissolved  forms  of  organic  phosphorus  decompose 
through  the  same  reaction  pathways  as  nitrogen  with  the  particulate 
fractions  settling  to  the  sediment.  The  dissolved  form  of  organic  phosphorus 
further  decomposes  through  mineralization  into  the  inorganic  form  of 
phosphorus.  Additionally,  phosphorus  is  generally  much  less  mobile  than 
nitrogen,  being  strongly  adsorbed  to  sediment  and  organic  matter. 

Inorganic  phosphorus  is  lost  through  its  utilization  by  algae  as  a  nutrient 
essential  for  growth  and  is  supplied  from  or  lost  to  the  sediment  through 
sediment  fluxes.  Inorganic  phosphorous  is  partitioned  between  the 
dissolved  phase  and  that  part  adsorbed  on  solids.  Sorption  of  inorganic 
phosphorous  on  suspended  solids  is  modeled  in  NSMII.  At  equilibrium,  the 
distribution  of  inorganic  phosphorus  between  solids  and  water  is  deter¬ 
mined  by  a  linear  equilibrium  partitioning  isotherm.  In  the  sediment  bed,  if 
the  optional  sediment  diagenesis  module  is  included  (see  Chapter  5), 
sediment-water  flux  of  inorganic  phosphorus  is  internally  computed; 
otherwise  inorganic  phosphorus  released  from  the  sediment  bed  is  a  user- 
specified  input.  Most  plants,  algae,  and  bacteria  are  capable  of  rapid  uptake 
of  phosphorous,  especially  in  the  form  of  orthophosphate,  even  when  it  is 
present  at  low  concentrations.  DIP  is  assumed  to  be  in  a  completely 
available  form  for  uptake.  A  fraction  of  the  phosphorus  released  during  algal 
respiration  is  in  the  inorganic  form.  The  benthic  algae  are  linked  to  the 
phosphorus  cycle  via  the  processes  of  growth,  respiration,  and  death,  as 
shown  in  Figure  12.  Table  13  presents  the  pathway  terms  (sources  and 
sinks)  for  the  phosphorus  state  variables  included  in  NSMII. 
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Table  13.  Major  pathways  for  phosphorus  state  variables  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

RPOP 

Algal  mortality  (Ap-->RP0P) 

Hydrolysis  (RPOP-->DOP) 
Settling  (RPOP~>Bed) 

LPOP 

Algal  mortality  (Ap->LP0P) 

Hydrolysis  (LPOP-->DOP) 
Settling  (LPOP->Bed) 

DOP 

Hydrolysis  of  LPOP  and  RPOP  (RPOP-- 
>DOP,  LPOP~>DOP) 

Algal  mortality  (AP~>DOP) 

Mineralization  (DOP->DIP) 

TIP 

Mineralization  (DOP-->DIP) 

Algal  respiration  (AP~>DIP) 

Sediment  release  (Bed<-->DIP) 

Algal  uptake  (DIP->AP) 

Algal  uptake  (DIP->AP) 

The  sum  of  each  of  source  (+)  and  sink  (-)  terms  in  the  appropriate 
column  of  Table  13  can  then  be  used  to  compute  the  net  rate  for  each 
phosphorous  state  variable.  The  internal  source  and  sink  equations  for 
phosphorus  state  variables  (RPOP,  LPOP,  DOP,  TIP)  in  the  water  column 
are  given  below. 

4.5.1  State  variables 

Refractory  Particulate  Organic  Phosphorus  (RPOP): 


dRPOP 

dt 


3 


i 


-krpop(T).RPOP 


— —RPOP 
h 


^'’Popb^'db  (O  '  rpb  Pi  Fv 


Algal  mortality  (Ap->RPOP),  (4.29) 

RPOP  hydrolysis  (RPOP-->DOP), 

RPOP  settling  (RPOP-->Bed), 

Benthic  algae  mortality  (Ab-->RPOP), 


where 


RPOP 

Frpopp 

krpop(T) 

Frpopb 


refractory  particulate  organic  phosphorous  (mg-P  L1), 
fraction  of  algal  mortality  into  RPOP  (0-1.0), 

RPOP  hydrolysis  rate  (d1), 

fraction  of  benthic  algal  mortality  into  RPOP  (0-1.0). 


Labile  Particulate  Organic  Phosphorus  (LPOP): 
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dLPOP 

dt 


=  FlpoppY,kdpi(T)-rpaiAp 


-klpop(T)-LPOP 


-—LPOP 

h 

+  Flpopb^db  (T)  rpbAbFbFw 


Algal  mortality  (Ap->LPOP), 

LPOP  hydrolysis  (LPOP-->DOP), 
LPOP  settling  (LPOP-->Bed), 

Benthic  algae  mortality  (Ab-->LPOP), 


(4.30) 


where 


LPOP  =  labile  particulate  organic  phosphorous  (mg-P  L1), 
Fipopp  =  fraction  of  algal  mortality  into  LPOP  (o-i.o), 
kipop(T)  =  LPOP  hydrolysis  rate  (d1), 

Fipopb  =  fraction  of  benthic  algal  mortality  into  LPOP  (o-i.o). 


Dissolved  Organic  Phosphorus  (DOP): 


8DOP 

dt 


=  Kpop(T)RPOP 


+  klpop(T)-LPOP 


DO 

KSOxmp  +  DO 


kdop(T)DOP 


RPOP  hydrolysis  (RP0P-->D0P), 
LPOP  hydrolysis  (LP0P-->D0P), 
DOP  mineralization  (D0P-->DIP), 


+  f1  “  FrpoPP  ~  FipoPP )Z kdpST) ' rPaiApi  Algal  mortality  (Ap->D0P), 

i 

+  ^~ Frpopb- Fip°pb)kdb(T)-rpbAbFbK  Benthic  algae  mortality  (Ab-->D0P), 


(4.31) 


where 

DOP  =  dissolved  organic  phosphorous  (mg-P  L1), 
kdop(T)  =  DOP  mineralization  rate  (d1), 

KsOxmp  =  half-saturation  oxygen  attenuation  constant  for  DOP 
mineralization  (mg-02  L1). 


Total  Inorganic  Phosphorus  (TIP): 
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ST  IP 
dt 


DO 

KsOxmp  +  D() 


kdop(T)-DOP 


--V-f  TIP 
h  Jpp 


-Y,Vpi(r)-rpaiApi 

i 

+  Foxb^rb  O)  ’  rpb  Ti 

Pb  O)  '  rpbAbFb 

1 


DOP  mineralization  (DOP-->DIP), 

TIP  settling  (TIP~>Bed), 

Algal  respiration  (Ap->DIP), 

Algal  uptake  (DIP-->Ap), 

Benthic  algae  respiration  (Ab~>DIP), 
Benthic  algae  uptake  (DIP-->Ab), 
Sediment  release  (Bed<-->DIP), 


(4.32) 


where 


TIP  =  total  inorganic  phosphorous  (mg-P  L1), 
rPo4  =  sediment  release  rate  of  DIP  (g-P  nr2  d1), 
fdp,fpp  =  dissolved  and  particulate  fractions  of  inorganic  P(o-i.o). 


The  particulate  and  dissolved  fractions  of  inorganic  phosphorus  are 
internally  computed  using  the  equilibrium  partitioning  method 


dp  1+lCT6 


poAn 


pp  ■ 


(4.33) 


where 

kdPo4n  =  partition  coefficient  of  inorganic  P  for  solid  “n”  (L  kg1). 

4.5.2  Derived  variables 

The  derived  variables  related  to  phosphorus  species  are  computed  as 


DIP  =  fdpTIP  , 


(4.34a) 
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3 


TOP  =  DOP  +  LPOP  +  RPOP  +  ^Vpa(T)Ap; , 

i 


(4.34b) 


TP  =  TIP  +  TOP, 


(4.34c) 


where 

DIP  =  dissolved  inorganic  phosphorus  (mg-P  L1), 

TOP  =  total  organic  phosphorus  (mg-P  L1), 

TP  =  total  phosphorus  (mg-P  L1). 

4.6  Carbon  Species 

NSMII  models  a  detailed  carbon  cycle.  The  organic  carbon  is  represented  by 
four  state  variables:  as  refractory  and  labile  dissolved  organic  carbon 
(RDOC  and  LDOC)  and  as  refractory  and  labile  particulate  organic  carbon 
(RPOC  and  LPOC).  The  splitting  of  dissolved  organic  carbon  into  labile  and 
refractory,  reflects  obvious  differences  in  carbon  derived  from  internal 
versus  external  sources  (Tillman  et  al.  2004).  Dissolved  organic  carbon  in 
surface  water  is  usually  composed  of  minor  amounts  of  biodegradable  plant, 
phytoplankton,  bacterial  residues,  and  major  amounts  of  biological 
refractory  residues.  Highly  reactive  dissolved  organic  material,  such  as 
carbonaceous  inputs  associated  with  sewage  treatment  plants  or  combined 
sewer  outfalls  that  decay  on  a  time  scale  of  days  to  a  week  or  two,  is 
classified  as  LDOC.  Dissolved  organic  carbon  will  be  oxidized  into  CO2  and 
methane.  The  particulate  and  dissolved  forms  of  carbon  decompose  through 
the  same  reaction  pathways  as  phosphorus  and  nitrogen  with  the 
particulate  fractions  settling  to  the  sediment.  Oxidation  of  dissolved  organic 
carbon  is  aerobic  and,  therefore,  reduced  at  low  DO  concentrations.  Under 
low  DO  conditions,  the  denitrification  reaction  consumes  organic  carbon. 
The  rate  of  DIC  change  is  proportional  to  the  net  primary  production  from 
each  of  the  algal  groups,  and  it  is  lost  via  plant  photosynthesis.  Additional 
sources  and  sinks  of  DIC  are  via  exchange  with  the  atmosphere,  via  the 
oxidation  of  organic  carbon  material,  (i.e.  RDOC,  LDOC,  CBOD)  and 
denitrification.  The  benthic  algae  are  linked  to  the  carbon  cycle  via  the 
processes  of  growth,  respiration,  and  death.  Figure  13  shows  an  overview  of 
the  NSMII  representation  of  carbon  species  and  a  simplified  carbon  cycle 
involved  in  the  water  column. 


ERDC/EL  TR-16-1 


98 


Figure  13.  Water  column  carbon  species  and  major  processes  modeled  in 

NSMII. 
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Five  carbon  state  variables  are  included  in  NSMII:  RPOC,  LPOC,  RDOC, 
LDOC,  and  DIC.  Table  14  presents  the  pathway  terms  (sources  and  sinks) 
for  the  carbon  state  variables  included  in  NSMII. 


Table  14.  Major  pathways  for  carbon  state  variables  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

RPOC 

Algal  mortality  (AP-> RPOC) 

Hydrolysis  (RPOC~>LDOC) 
Settling  (RPOC~>Bed) 

LPOC 

Algal  mortality  (AP->LPOC) 

Hydrolysis  (LPOC->LDOC) 
Settling  (LPOC->Bed) 

RDOC 

Algal  mortality  (AP->RDOC) 

Mineralization  (RDOC-->DIC) 

LDOC 

Algal  mortality  (AP->LDOC) 

Hydrolysis  of  RPOC  and  LPOC  (RPOC->LDOC, 
LPOC~>LDOC) 

Mineralization  (LDOC-->DIC) 
Denitrification 

DIC 

Atmospheric  rearation  (Atm<-->DIC) 
Mineralization  (RDOC-->DIC,  LDOC-->DIC) 

Algal  respiration  (AP->DIC) 

Sediment  release  (Bed-->DIC) 

Denitrification  (Denitrification-->DIC) 

CBOD  oxidation  (CBOD-->DIC) 

Algal  photosynthesis  (DIC->AP) 

The  sum  of  each  source  (+)  and  sink  (-)  terms  in  the  appropriate  column 
above  table  can  then  be  used  to  compute  the  net  rate  for  each  carbon  state 
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variable.  The  internal  source  and  sink  equations  for  carbon  cycle  state 
variables  (RPOC,  LPOC,  RDOC,  LDOC,  DIC)  in  the  water  column  are  given 
below. 


4.6.1  State  variables 

Refractory  Particulate  Organic  Carbon  (RPOC): 
dRPOC  3 

— Yt —  =  FrpocpTjkdpi(ry  rcaiApi  Algal  mortality  (Ap->RPOC),  (4-36) 

-KoAT)-RPOC  RPOC  hydrolysis  (RPOP->LDOC), 

-—RPOC  RPOC  settling  (RPOC->Bed), 

h 

^rpocb^db  (T) ■  rcbAbFbF- w  Benthic  algae  mortality  (Ab-->RPOC), 

where 

RPOC  =  refractory  particulate  organic  carbon  (mg-C  L1), 

Frpocp  =  fraction  of  algal  mortality  into  RPOC  (o-i.o), 
krpoc(T)  =  RPOC  hydrolysis  rate  (d1), 

Frpocb  =  fraction  of  benthic  algal  mortality  into  RPOC  (o-i.o). 


Labile  Particulate  Organic  Carbon  (LPOC): 

dLPOC  3 

— Jt —  =  FipocpTjkdATyrcaiApi  Algal  mortality  (Ap->LPOC),  (4-37) 

-klpoc(T)-LPOC  LPOC  hydrolysis  (LPOP->LDOC), 

-- fLPOC  LPOC  settling  (LPOC->Bed), 

h 

+  jiFipocbkdb(T)-rcbAbFbFw  Benthic  algae  mortality  (Ab->LPOC), 


where 


LPOC  =  labile  particulate  organic  carbon  (mg-C  L1), 
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Fipocp  =  fraction  of  benthic  algal  mortality  into  LPOC  (o-i.o), 
kipoc(T)  =  LPOC  hydrolysis  rate  (d1), 

Fipocb  =  fraction  of  benthic  algal  mortality  into  LPOC  (o-i.o). 


Refractory  Dissolved  Organic  Carbon  (RDOC): 


8RDOC 

dt 


=  FrdocpY,kdpXT)-rcaiAP 


DO 


Ks()xmc  +  D() 


k,,oc(T)-RDOC 


+  ,  Frdocbkdb(T)  •  rcbAbFhFw 
h 


Algal  mortality  (Ap->RD0C), 


RDOC  mineralization  (RD0C-->DIC), 


POM  dissolution  (P0M-->RD0C), 


where 


RDOC  =  refractory  dissolved  organic  carbon  (mg-C  L1), 

Frdocp  =  fraction  of  algal  mortality  into  RDOC  (o-i.o), 
krdoc(T)  =  mineralization  rate  of  RDOC  (d1), 

Frdocb  =  fraction  of  benthic  algal  mortality  into  RDOC  (o-i.o), 
KsOxmc  =  half-saturation  oxygen  attenuation  constant  for  DOC 
mineralization  (mg-02  L1). 


Labile  Dissolved  Organic  Carbon  (LDOC): 


dLDOC 


dt 

+  k,poc  (r)  ■  LPOC 


=  k(T)-RPOC 


DO 


KsOxmp  +  DO 


kldoc(T)-LDOC 


5x12 


1 _ 

V  Ks0xdn+DO J 


kdmt(T)'  N03 


4x14 

+  (l  -  Frpocp  -  Flpocp  ~  Frdocp  E  ^  ^  '  ^4 


P' 


+  ,  (l  Frpocb  Flpocb  Frdocb)kdb(T)  ■  rcbAhFbFw 


RPOC  hydrolysis  (RP0C->LD0C), 
LPOC  hydrolysis  (LP0C->LD0C), 

LDOC  mineralization  (LD0C-->DIC), 

LDOC  consumed  by  denitrification, 

Algal  mortality  (Ap->LD0C), 

Benthic  algal  mortality  (Ab-->LD0C), 


(4.38) 


(4.39) 
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where 

LDOC  =  labile  dissolved  organic  carbon  (mg-C  L1), 
kidoc(T)  =  LDOC  mineralization  rate  (d1)- 

Dissolved  Inorganic  Carbon  (DIC): 

12.1O>0“C  = 

dt 

(4.40) 

+  ma,(Tiw,k„(T)p<Xh-\ffFmlDlC) 

Atmospheric  CO2  reaeration  (Atm<-->DIC), 

+  D°  Kdoc(T)-RDoc 

Ks0xmp  +  DO 

RDOC  mineralization  (RD0C-->DIC), 

+  D°  kldoc(T)-LDOC 

Ks0xmp+DO 

LDOC  mineralization  (LD0C-->DIC), 

3 

+  XFOxp^(r)-rcaiApi 
i 

Algal  respiration  (AP->DIC), 

3 

i 

Algal  photosynthesis  (DIC->AP), 

+  JFoxbkrb(T)-rchAhFh 

h 

Benthic  algae  respiration  (Ab->DIC), 

~T  Fb  {T)  •  rcb\Fh 

n 

Benthic  algae  photosynthesis  (DIC— >Ab), 

+  -Ir  00  ■  CBODl 

roc  Ks0xbodi+DO 

CBOD  oxidation  (CB0D-->DIC), 

12  D0  ,  ,  ^  nTTA 

+  ,A„  kchA(T)-CH4 

64  Ks0ch4  +  DO 

CH4  oxidation  (CH4-->DIC), 

|  1  SOD(T) 

h  roc 

Sediment  release  (Bed->DIC), 

where 

DIC  =  dissolved  inorganic  carbon  (mol  L1), 
kac(T)  =  C02  reaeration  rate  (d1), 
kf/T)  =  Henry’s  Law  constant  (mol  L1  atm-1), 
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pC02  =  partial  pressure  of  C02  in  the  atmosphere  (ppm), 

Fco2  =  fraction  of  CO2  in  total  inorganic  carbon  (0-1.0). 

4.6.2  Derived  variables 

Particulate  organic  matter  is  a  derived  variable  in  NSMII.  Suspended 
particulate,  colloidal,  dissolved  organic  matter,  and  the  amount  of  carbon 
in  algal  biomass  are  part  of  the  TOC.  TSS  includes  all  the  inorganic 
suspended  solids  fractions  and  all  organic  matter.  Derived  carbon 
variables  are  computed  as 


DOC  =  LDOC  +  RDOC , 

(4.41a) 

POC  =  LPOC  +  RPOC , 

(4.41b) 

POM=P°C, 

J  com 

(4.41c) 

DOC  +  POC  +  'CCB0D<  +  £ ^  , 

Voc  i 

(4.41d) 

TSS  -  y]  mn  +  POM  +  rdaAp , 

(4.41e) 

where 

fcom  =  fraction  of  carbon  in  organic  matter  (mg-C  mg-D1), 

DOC  =  dissolved  organic  carbon  (mg-C  L1), 

POC  =  particulate  organic  carbon  (mg-C  L1), 

POM  =  particulate  organic  matter  (mg-D  Lr1), 

TOC  =  total  organic  carbon  (mg-C  Lr1), 

TSS  =  total  suspended  solids  (mg-C  L1). 

4.7  Methane  and  Sulfides 

Methane  and  sulfides  are  two  major  by-products  of  decomposing  organic 
matter  in  the  sediment  of  aquatic  ecosystems.  Both  constituents  are 
modeled  in  the  sediment  diagenesis  module.  Therefore,  water  column 
methane  (CH4)  and  total  dissolved  sulfides  (HxS)  are  included  as  state 
variables  in  NSMII.  Both  state  variables  are  modeled  as  dissolved  forms 
with  units  of  mg-CL  L1.  Dissolved  sulfides  can  exist  as  hydrogen  sulfide 
(H2S),  bisulfide  ion  (HS),  and  S2v  Negligible  amounts  (less  than  0.5%)  of 
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dissolved  sulfide  exist  as  S  2  for  the  pH  range  of  most  streams  and  lakes; 
the  distribution  between  HS_  and  H2S  varies  with  pH,  with  high  pH 
favoring  HS_  and  low  pH  favoring  H2S  (APHA  1992).  Sulfides  exist  as  H2S 
and  half  HS_  at  a  pH  of  7.0.  Their  internal  sources  and  sinks  include  bed 
sediment  release,  oxidation,  and  volatilization  (atmospheric  reaeration) 
(Figure  14).  Table  15  presents  the  pathway  terms  (sources  and  sinks)  for 
methane  and  sulfides  included  in  NSMII. 

Figure  14.  Water  column  methane  and 

sulfides  processes  modeled  in  NSMII. 


Table  15.  Major  pathways  for  methane  and  sulfides  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

CH4 

Atmospheric  rearation  (CH4- 
->Atm) 

Oxidation  (CH4-->DIC) 

Sediment  release  (Bed<~>CH4) 

H2  s 

Atmospheric  rearation  (H2S~ 
>Atm) 

Oxidation 

Sediment  release  (Bed<-->H2S) 

The  concentrations  of  CH4  and  H2S  in  the  atmosphere  are  low  (assuming 
saturation  values  in  the  atmosphere  of  o  mg/L  for  both  gases).  The 
reaeration  rate  equations  for  CH4  and  H2S  are  identical  with  the 
reaeration  of  DO.  The  reaeration  coefficients  for  CH4  and  H2S  are  scaled 
relative  to  oxygen  reaeration  using  the  following  expressions 


KchA  =  K 


MW, 


02 


MW,, 


=  1.188 -It,. 


Kh2S=K 


MW, 


02 


MWU 


0.25 


(4.42a) 


=  0.984  -ka, 


(4.42b) 
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where 


kach4(T) 

kah2s(T) 

ka(T) 

MWch4 

MWh2S 


CH4  reaeration  rate  (d1), 

H2S  reaeration  rate  (d1), 
oxygen  reaeration  rate  (d1), 
molecular  weights  of  CH4  (=16.04)  (g  mol-1), 
molecular  weights  of  H2S  (=34.08)  (g  mol'1). 


4.7.1  Methane 

Bacteria  oxidize  methane  with  DO  or  sulfite  (SO4).  The  oxidation  with 
sulfite  has  not  been  extensively  investigated  and  is  therefore  not 
considered  here.  The  bacterium  oxidizes  methane  to  CO2  within  the  water 
column  (Hanson  and  Hanson  1996),  which  can  be  described  as 

CH 4  +  20,  ->  C02  +  2 HzO 


This  process  requires  5.33  g-02  g-C1.  In  NSMII,  methane  oxidation  is 
simulated  as  a  temperature  dependent  first-order  decay  process.  The  rate 
is  computed  according  to  a  half-saturation  function  with  regard  to  both 
the  availability  of  methane  and  DO. 

The  only  source  (+)  of  CH4  in  the  water  column  is  sediment  release.  The 
sink  (-)  terms  include  atmospheric  rearation  and  oxidation  given  in 
Table  15.  The  internal  source  and  sink  equation  for  water  column  CH4  can 
be  written  as 

dCH  A 

- =  ~kach4(T) ■  CH 4  Atmospheric  CH4  rearation  (Atm<->CH4),  (4.43) 

at 

DO  ... 

~ — - CH4  oxidation  (CH4->DIC), 

^ sOchA  +  k)0 

+  —  Sediment  release  (Bed-->CH4), 

h 


where 

CH4  =  methane  (mg-02  Lr1), 
kch4(T)  =  CH4  oxidation  rate  (d1), 

KsOch4  =  half  saturation  oxygen  attenuation  constant  for  CH4  oxidation 

(mg-02L1), 

rch4  =  sediment  release  rate  of  CH4  (g-02  nr2  d1)- 
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4.7.2  Total  dissolved  sulfides 

Hydrogen  sulfide  (H2S)  and  bisulfide  ion  (HS)  together  constitute  total 
dissolved  sulfides  (HxS),  which  is  included  as  a  state  variable  in  NSMII. 
The  distribution  between  H2S  and  HS-  varies  with  pH,  with  high  pH 
favoring  HS,-  and  low  pH  favoring  H2S  (APHA 1992).  H2S  is  a  highly 
volatile  dissolved  gas  that  oxidizes  very  slowly  (Chen  and  Morris  1972). 
The  major  loss  of  H2S  is  through  volatilization  from  the  water.  HS-  is 
removed  primarily  by  its  oxidation.  There  is  also  general  agreement  that 
sulfur  bacteria  play  an  important  role  in  sulfide  oxidation  in  natural  and 
waste  waters.  These  influencing  factors  help  to  explain  why  the  first-order 
sulfide  oxidation  rates  reported  vary  between  0.26  and  about  55.0  day-1 
(Millero  1986).  The  oxidation  rate  of  sulfide  is  strongly  dependent  on  pH. 
For  an  increase  in  pH  from  about  6.0  to  8.0,  there  is  an  eight-fold  increase 
in  the  oxidation  rate  (Chen  and  Morris  1972).  Millero  (1986)  attributes 
this  to  the  shift  in  sulfide  concentration  from  predominantly  nonreactive 
H2S  to  predominantly  reactive  HS-  with  increasing  pH.  This  reasoning 
suggests  that  HS-  concentration  should  be  used  in  the  sulfide  oxidation 
rate  equation. 

The  oxidation  of  dissolved  sulfide  is  modelled  as  a  temperature-dependent 
first-order  process  with  regard  to  both  HS-  and  DO.  Oxidation  of  sulfide  can 
produce  sulfur  (S),  thiosulfate  (S203-2),  sulfite  (SO3-2),  or  sulfate  (SO4-2). 
0‘Brien  and  Birkner  (1977)  indicated  that  most  experiments  observed  SO3-2, 
S203-2,  and  SO4-2  as  oxidation  products  of  sulfide.  They  proposed  a 
hypothetical  reaction 

4 HS  +  -02  -*•  S2Ol  +  SOI  +  SO2-  +  2 H+  +  H20  . 

5 

This  reaction  requires  1.38  mg-02  L-1  per  1.0  mg-S2-  L-1,  or  1.33  mg-02  L-1 
per  1.0  mg-HS-1  L-1  (O’Brien  and  Birkner  1977).  NSMII  however,  does  not 
consider  the  precipitation  of  sulfide. 

The  only  source  (+)  of  HxS  in  the  water  column  is  generated  by  sulfate 
reduction  or  sediment  release.  The  sink  (-)  terms  include  atmospheric 
rearation  and  oxidation  given  in  Table  15.  The  internal  source  and  sink 
equation  for  water  column  HxS  can  be  can  be  written  as 
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cHxS 

dt 


kah2s  O')  ' 


DO 


Ks0hs  +  DO 


K<r)-Hs 


Atmospheric  H2S  rearation  (Atm<->H2S),  (4.44) 


HS  oxidation, 


+ 


Sediment  release  (Bed->H2S), 


where 

HxS  =  total  dissolved  sulfides  (mg-02  L1), 

Ksohs  =  half  saturation  oxygen  attenuation  constant  for  HS  oxidation 
(mg-Ch  L-1), 

khs(T)  =  HS  oxidation  rate  (L  mg-02-1  d1), 
rh2s  =  sediment  release  rate  of  H2S  (g-02  nr2  d-1). 


The  dissolved  fractions  of  H2S  and  HS-  are  computed  from  the  HxS 
concentration  and  the  pH.  Their  fractions  are  given  in  Standard  Methods 
(APHA 1992). 


_  -8.3813 pH3  + 135.898 pH2  -  742.31 pH  + 1461.46  R  <  H  <  7  ,A 

J  h2s  /y  r\r\  v 


100 


_  — 8.25406pH3  +213.821pJ72  -1852.79pH  +  5374.11  7  <  qH  <  9  (4  45b) 

bis  -  100 


where 

fh2s  =  H2S  fraction  of  HxS  (o  -  1.0). 

The  fraction  of  HxS  as  HS-  is  then  computed  as  (1  -  fh2s).  If  pH  is  less  than 
5  or  greater  than  9  (pH  <  5  or  pH  >  9),  fh2s  is  set  to  1.0  and  o,  respectively. 
The  concentrations  of  the  relevant  sulfide  species  (H2S  and  HS  )  are 
computed  as 


h2S  =  fh2sHxS ,  (4.46a) 

HS=(l-fh2s)HxS,  (4.46b) 


where 


H2S  =  dissolved  hydrogen  sulfide  (mg-02  L-1), 
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HS  =  dissolved  bisulfide  ion  (mg-02  L1)- 


4.8  Dissolved  Oxygen 

Figure  15  provides  an  overview  of  the  NSMII  representation  of  DO  source 
and  sink  processes.  Additional  processes  for  DO  kinetics  are  also  considered 
in  NSMII.  The  total  consumption  of  oxygen  is  the  sum  of  RDOC,  LDOC, 
CBOD,  CH4,  and  HS  oxidation  reactions.  These  oxidation  processes  are 
limited  by  the  concentration  of  DO.  SOD  is  the  quantity  of  oxygen 
transferred  from  the  water  column  to  the  benthic  sediment  that  is  necessary 
to  satisfy  the  oxygen  requirements  of  bacteria  as  they  decompose  previously 
deposited  organic  matter.  If  the  sediment  diagenesis  module  is  activated 
(see  Chapter  5),  SOD  is  internally  computed  in  NSMII;  otherwise,  SOD  is  a 
user  input  parameter.  Because  oxygen  moves  from  water  to  sediments, 
sediment  oxygen  consumption  is  represented  as  a  negative  quantity. 


Figure  15.  DO  source  and  sink  processes  modeled  in  NSMII. 


Floating  Algae 


^  Respiration 

//// 


Bottom  Algae 


Rearation 


1 


Photosynthesis  1  SOD 
7777~ 


DO 

JS 


Oxidation 

(CBOD,  DOC,  CH4,  HS) 

- ► 

- ► 

Nitrification 


777777777777777777 


Eight  water  quality  state  variables  are  involved  in  the  DO  mass  balance: 
algae,  benthic  algae,  NH4,  LDOC,  RDOC,  CBOD,  CH4,  and  HxS.  Table  16 
summarizes  the  major  processes  and  mechanisms  affecting  the  DO  in  the 
water  column.  The  sum  of  each  source  (+)  and  sink  (-)  terms  in  the 
appropriate  column  below  table  can  then  be  used  to  compute  the  net  rate 
for  water  column  DO. 


Table  16.  Source  and  sink  processes  affecting  dissolved  oxygen  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

DO 

Atmospheric  rearation 

AP 

Algal  photosynthesis  (AP~>D0) 

Algae  respiration  (D0~>Ab) 

Ab 

Benthic  algae  photosynthesis  (Ab~>D0) 

Benthic  algal  respiration  (D0->AP) 

NH4 

- 

Do— >nitrifi  cation 

LDOC 

- 

Oxidation  (D0-->LD0C) 

RDOC 

- 

Oxidation  (D0-->RD0C) 
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CBOD 

- 

Oxidation  (D0-->CB0D) 

CH4 

- 

Oxidation  (D0-->CH4) 

HS 

- 

Oxidation  (D0-->HS) 

DO 

- 

SOD 

The  internal  source  and  sink  equation  for  water  column  DO  can  be  written 
as 


dDO 

dt 


=  ka(T)(pOs-DO ) 


DO 


KsOxm  +  D() 


Ku(J)-ronNHA 


DO 


KsOxmc+DO 


k,,oc(T)-rocRDOC 


DO 


KsOxmc+DO 


kldoc(T)-rocLDOC 


■I 


DO 


R-sOxbodi  +  DO 


kbod,(T)-CBODi 


DO 


R-sOch4  +  DO 


kM(T)-CHA 


DO 


Ks0hs  +  DO 


W-HS 


DO  SOD(T) 

Dss(j[)  +  DO  h 

+  Y,[PNpi  +  -  PNpi)jMPi(T)  •  r0CrcaiAp 


-YJFoxPiKpi(T)-rocrcaiAp 


1 

+  — 
h 


( 


1 38  \ 

FNb  +  77(7  (1  -  FNb  )  Bb  (T)  '  ro/cb^bFb 

106 


j  FOxbkrbD)  '  rocrcbAbFh 

h 


Atmospheric  O2  reaeration  (Atm<-  ^  4-^ 

>02), 

Nitrification  (02-->Nitrification), 

RDOC  oxidation  (02->RD0C), 

LDOC  oxidation  (02-->LD0C), 

CBOD  oxidation  (02-->CB0D), 

CH4  oxidation  (02->CH4), 

HS  oxidation  (02->HS), 

Sediment  oxygen  demand  (SOD), 

Algal  photosynthesis  (Ap->  O2), 

Algal  respiration  (02->Ap), 

Benthic  algae  photosynthesis  (Ab--> 

02), 


Benthic  algae  respiration  (02->Ab), 
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where 

DOs  =  dissolved  oxygen  saturation  (mg-02  Lr1), 

Kssod  =  half  saturation  oxygen  attenuation  constant  for  SOD  (mg-02  L1). 


4.8.1  Dissolved  oxygen  saturation 

The  effect  of  salinity  on  the  DO  saturation  in  surface  water  is  included  in 
NSMII.  DOs  is  computed  as  a  function  of  salinity  and  temperature  via  the 
following  equation  (APHA 1992) 


DOs  =  DOs  ■  exp 


—Salt 


1.7674-10  - 


1.0754-101 

2.1407 -103 

I 

T 

1  wk 

T 2 

1  wk  ; 

(4.48) 


where 

Salt  =  salinity  (ppt). 

Salinity  is  the  total  of  all  non-carbonate  salts  dissolved  in  water,  usually 
expressed  in  parts  per  thousand  (ppt).  Salinity  is  an  important 
measurement  in  seawater  or  in  estuaries  where  freshwater  from  rivers  and 
streams  mixes  with  salty  ocean  water.  Because  most  anions  in  seawater  or 
brackish  water  are  chloride  ions,  salinity  can  be  estimated  from  chloride 
concentration  below 


Salt  =  0.03  +  0.0018066  Cl,  (4.49) 


where 


Cl  =  chloride  concentration  (mg-Cl  Lr1). 

Vice  versa,  water  column  chloride  concentration  can  be  computed  from 
known  salinity.  While  salinity  and  chloride  are  proportional  in  seawater, 
the  above  equation  is  not  accurate  in  freshwater  (MDNR  2009). 

4.8.2  Oxygen  reaeration 

Depending  on  whether  the  water  is  undersaturated  or  oversaturated,  the 
DO  is  gained  or  lost  via  atmospheric  reaeration.  The  oxygen  reaeration 
rate  is  dependent  on  either  the  flow,  the  wind  speed,  or  both.  In  NSMII  the 
oxygen  reaeration  rate  is  estimated  as  a  function  of  both  flow  hydraulics 
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and  wind  velocity  as  in  NSMI.  Three  options  are  available  to  incorporate 
wind  effects  on  the  oxygen  reaeration:  (l)  user  defined,  (2)  Banks-Herrera 
formula  (Banks  and  Herrera  1977),  and  (3)  Wanninkhof  formula 
(Wanninkhof  et  al.  1991).  The  six  oxygen  reaeration  options  are  included 
in  NSMII  and  listed  in  Table  4. 

4.9  Silica  Species 

Silica  is  an  important  nutrient  for  some  algae  such  as  diatoms,  because  of 
this,  the  Silica  cycle  is  included  in  NSMII.  Two  silica  forms  are  considered: 
particulate  biogenic  silica  (BSi)  and  dissolved  silica  (DSi).  DSi  is  also  called 
available  silica  and  can  be  used  as  a  nutrient  during  algal  growth  (primarily 
for  diatoms).  DSi  is  produced  by  the  dissolution  of  BSi  and  can  interact  with 
the  sediment  through  silica  fluxes.  Silica  is  used  by  only  diatoms,  so  uptake 
by  algae  depends  on  the  presence  of  diatoms.  If  the  optional  sediment 
diagenesis  module  is  included  (see  Chapter  5),  sediment-water  flux  of  silica 
is  internally  computed;  otherwise,  silica  released  from  the  sediment  bed  is 
specified.  Particulate  or  unavailable  biogenic  silica  is  produced  from  diatom 
mortality.  BSi  dissolutes  into  DSi  or  settles  to  the  sediment  from  the  water 
column.  Dissolution  is  a  chemical-physical  process  proceeding  in  an 
undersaturated  solution.  The  dissolution  of  the  BSi  can  also  be  understood 
as  the  desorption  from  organic  matter,  which  is  proportional  to  its 
concentration  and  the  difference  between  the  saturation  and  actual  DSi 
concentrations.  Once  silica  is  used  by  the  algal  group  during  photosynthesis, 
it  is  lost  from  the  system.  Figure  16  shows  an  overview  of  the  NSMII 
representation  of  silica  species  and  a  simplified  silica  cycle  involved  in  the 
water  column.  Table  17  presents  the  pathway  terms  (sources  and  sinks)  for 
silica  state  variables  included  in  NSMII. 

Figure  16.  Silica  species  and  major  processes  modeled  in 
NSMII. 
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Table  17.  Major  pathways  for  silica  state  variables  in  NSMII. 


State 

Variables 

Internal  Sources  (+) 

Internal  Sinks  (-) 

BSi 

Algal  mortality  (AP-> BSi) 

Dissolution  (BSi— >DSi) 

Settling  (BSi~>Bed) 

DSi 

Algal  mortality  (Ap->DSi) 

Dissolution  (BSi— >DSi) 

Algal  respiration  (Ap->DSi) 

Sediment  release  (Bed<-->DSi) 

Algal  uptake  (DSi~>Ap) 

Note  that  the  silica  cycle  is  modeled  in  NSMII  if  the  diatom  species  are 
included.  Diatoms  are  conventionally  assigned  as  one  of  the  algal  groups. 
The  potential  also  exists  to  have  multiple  diatom  groups,  or  groups  of 
mixed  algae  composed  of  diatoms  and  other  groups.  The  sum  of  each  of 
source  (+)  and  sink  (-)  terms  can  then  be  used  to  compute  the  net  rate  for 
each  silica  state  variable.  The  source  and  sink  equations  for  silica  state 
variables  (BSi  and  DSi)  in  the  water  column  are  given  below. 


Particulate  Biogenic  Silica  (BSi): 


dBSi  /  /  \  , 

3t  =FbsiZJkdAT)-rsiaiApi 

Algal  mortality  (Ap->BSi), 

BSi  dissolution  (BSi— > DSi), 

-  —  BSi 
h 

BSi  settling  (BSi->Bed), 

(4.50) 


where 

BSi  =  particulate  biogenic  silica  (mg-Si  L1), 

Fbsi  =  fraction  of  algal  mortality  into  BSi  (o-i.o), 

Vsiai  =  algal  Si :  Chla  ratio  (mg-Si/pg-Chla), 

Vbsi  =  BSi  settling  velocity  (m  d1), 
kbsi(T)  =  BSi  dissolution  rate  (d1), 

KsSi  =  half  saturation  Si  constant  for  dissolution  (mg-Si  Lr1), 
Sis  =  Si  saturation  (mg-Si  Lr1). 
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Dissolved  Silica  (DSi): 


dm 

dt 


3 

=  {l-Fbsi)'ZkdATyrsiaiApi 


+  KAT) 


BSi 


KsSi  +  BSi 


:{Sis-DSi) 


1 

'  T  rsi 

h 


Algal  mortality  (Ap->DSi), 

BSi  dissolution  (BSi-->DSi), 

Algal  respiration  (Ap->DSi), 

Algal  uptake  (DSi->Ap), 
Sediment  release  (Bed<->DSi), 


(4.51) 


where 


rSi  =  sediment  release  rate  of  DSi  (g-Si  nr2  d1)- 

4.10  Alkalinity 

Alkalinity  is  modeled  in  NSMII  as  is  done  previously  with  NSMI  except  for 
considering  multiple  algae  groups  in  the  water  column.  The  major 
processes  and  mechanisms  affecting  the  alkalinity  in  the  water  column  are 
summarized  in  Table  18.  The  ratios  used  in  the  following  alkalinity 
equation  have  been  defined  and  described  in  NSMI. 


Table  18.  Reaction  processes  affecting  alkalinity  in  NSMII. 


Reaction  Process 

Utilize 

Create 

Source/Sink 

Algae  and  benthic  algae 
growth 

NH4 

- 

Sink  (-) 

N03 

- 

Source  (+) 

Algae  and  benthic  algae 
respiration 

- 

NH4 

Source  (+) 

NH4  nitrification 

NH4 

N03 

Sink  (-) 

NO3  denitrification 

N03 

N2 

Source  (+) 

The  change  of  water  column  alkalinity  (Aik)  with  respect  to  time  due  to 
source  (+)  and  sink  (-)  mechanisms  listed  in  Table  18  can  be  written  as 
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cl Aik 
dt 


■  =  , 


1 _ 

V  KsQxdn+DO 


DO 


NH  4 


kdnit(T)-NO  3 


Klt(T)-NHA 


“lkn  Ks0x„a  +  DO  KsMA  +  NH4  "nit 

-  {ralkaai^Npi  ~  ralkani  -  pi  (?)  '  A 


Aik  increased  by  denitrification, 

Aik  decreased  by  nitrification, 
Aik  decreased  by  algal  growth, 


+ 


I 


ralkaaiFoxpferpi(T) '  Api 


Aik  increased  by  algal  respiration, 


(4.52) 


,  (ra/kba  ^Nb  Olkbn  P\'b  ))plb  (^)  ’ 

h 

+  T  Olkba^Oxb^rb  (T)  ' 

n 

where 

Aik  =  alkalinity  (eq  L1), 

V  alkaai  =  ratio  translating  algal  growth  into  Aik  if  NH4  is  the  N  source 
(eq  pg-Chla-1), 

r  alkani  —  ratio  translating  algal  growth  into  Aik  if  NO3  is  the  N  source 
(eq  pg-Chla-1), 

v aikn  =  ratio  translating  NH4  nitrification  into  Aik  (eq  mg-NK), 
v aikden  =  ratio  translating  N03  denitrification  into  Aik  (eq  mg-NK), 
v aikbai  =  ratio  translating  benthic  algae  growth  into  Aik  if  NH4  is  the  N 
source  (eq  mg-D1), 

raikbni  =  ratio  translating  benthic  algae  growth  into  Aik  if  N03  is  the  N 
source  (eq  mg-D1)- 


Aik  decreased  by  benthic  algae  growth, 

Aik  increased  by  benthic  algae 
respiration, 


The  subscript  “i"  in  equation  4.52  represents  a  specific  algal  group. 

4.11  NSMII  Parameters 

This  section  describes  the  input  parameters  associated  with  NSMII.  The 
user-defined  input  parameters  consist  of  eight  groups.  Most  of  the 
temperature-dependent  rate  coefficients  are  specified  at  20  °C.  Besides 
algae  and  benthic  algae  growth  rates,  the  temperature-dependent  reaction 
rates  in  NSMII  are  adjusted  according  to  a  modified  Arrhenius  Equation. 
As  previously  stated  in  NSMI,  the  default  values  and  suggested  ranges  of 
NSMII  parameters  are  provided  for  initial  model  development.  Most  of 
them  are  calibration  parameters.  All  parameter  tables  will  be  repeated  for 
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each  water  quality  region,  allow  the  user  to  define  the  different  values  for 
input  parameters. 

4.11.1  Global  parameters 

Table  19  below  provides  a  summary  of  NSMII  global  parameters  (or 
coefficients)  and  default  values. 


Table  19.  NSMII  global  parameters  and  coefficients  with  default  values. 


Symbol 

Definition 

Unit 

Default 

Value 

Reference  Range 

Vsp 

Solids  settling  velocity 

m  d'1 

0.1 

0  -  30c 

Vsr 

Refractory  organic  matter  settling 
velocity 

m  d'1 

0.01 

0  -  2.0b 

Vsl 

Labile  organic  matter  settling  velocity 

m  d-1 

0.01 

0  -  2.0b 

Xo 

Background  light  attenuation 

nr1 

0.02 

0.02  -  6.59c 

Xs 

Light  attenuation  by  inorganic 
suspended  solids 

L  mg1  nr1 

0.052a 

0.019 -0.37c 

A,m 

Light  attenuation  by  organic  matter 

L  mg1  nr1 

0.174a 

0.008  -  0.174c 

Xi 

Linear  light  attenuation  by  algae 

nr1  (pg-Chla  L-1)-1 

0.0088a 

0.0088 -0.031d 

A,2 

Nonlinear  light  attenuation  by  algae 

nr1  (Mg-Chla  L1)2/3 

0.054a 

n/a 

fcom 

Fraction  of  carbon  in  organic  matter 

mg-C  mg-D1 

0.01 

0  -  1.0 

k 

dpo4n 

Partition  coefficient  of  inorganic  P  for 
solid  "n” 

L  kg 1 

0 

0  -  80000d 

a.  Chapara  et  al.  (2008). 

b.  Wool  et  al.  (2006). 

c.  Flynn  et  al.  (2015). 

d.  Derived  from  Table  6. 

4.11.2  Algae  parameters 

Table  20  below  summarizes  a  list  of  NSMII  algae  parameters  (or 
coefficients)  and  default  values.  It  is  important  to  know  the  type  of  algae  to 
define  the  algal  growth,  respiration,  mortality  rates,  and  other  coefficients 
accurately.  A  variable  stoichiometry  with  respect  to  each  algal  group  is 
allowed.  The  ratios  of  C,  N,  P,  Si,  and  Chla  fractions  in  algae  are  defined  by 
specifying  their  relative  stoichiometry  weight  to  dry  weight  biomass 
(100  mg-D).  The  mortality  rates  of  algae  are  converted  into  three  pools: 
dissolved,  particulate,  and  other  organic  material.  Two  fractions  of  these 
pools  are  defined  by  the  user  while  the  third  fraction  is  internally  computed. 
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Table  20.  NSMII  algae  parameters  and  rate  coefficients  with  default  values. 


Symbol* 

Definition 

Unit 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

AWdi 

Algal  dry  weight  stoichiometry 

mg-D 

100a 

65  - 130® 

AWci 

Algal  carbon  stoichiometry 

mg-C 

40a 

25  -  60® 

AWni 

Algal  nitrogen  stoichiometry 

mg-N 

7.2a 

4-20® 

AW  pi 

Algal  phosphorus  stoichiometry 

mg-P 

1.0a 

n/a 

AWai 

Algal  Chla  stoichiometry 

pg-Chla 

1000a 

400  -  3500® 

AWsi 

Algal  silica  stoichiometry 

mg-Si 

18a 

n/a 

krpi(T) 

Algal  respiration  rate 

d-1 

0.2 

0.02  -  0.8® 

Yes 

1.08 

kdpi(T) 

Algal  death  rate 

d-1 

0.15 

0  -  0.5® 

Yes 

1.07 

Vs  ai 

Algal  settling  velocity 

m  d'1 

0.15 

o 

bo 

CD 

ksnxpi 

Half  saturation  NH4  concentration 
for  algal  uptake 

mg-N  L'1 

0.02 

0.005  -  0.03® 

KsOxpi 

Half-saturation  oxygen  attenuation 
constant  for  algal  respiration 

mg-02  L1 

0.5 

n/a 

KsNpi 

Half-saturation  N  limiting  constant 
for  algal  growth 

mg-N  L*1 

0.04 

0.005  -  0.3f 

KsPpi 

Half-saturation  P  limiting  constant 
for  algal  growth 

mg-P  L1 

0.0012 

0.001  -  0.06f 

Ku 

Light  limiting  constant  for  algal 
growth 

W  nr2 

10 

3.7  -44f 

\Jmxpi 

Maximum  algal  growth  rate 

d- 1 

1.0 

0.1  -  3.0f 

Topi 

Optimal  temperature  for  algal 
growth 

°C 

25® 

n/a 

ktpn 

Effect  of  temperature  below  Top  on 
algal  growth 

OQ-2 

0.003e 

n/a 

ktP2i 

Effect  of  temperature  above  Top  on 
algal  growth 

OQ-2 

0.01e 

n/a 

*  Subscript  i  represents  a  specific  algal  group. 

a.  Chapara  et  al.  (2008). 

b.  Brown  and  Barnwell  (1987). 

c.  Flynn  et  al.  (2015). 

d.  Tillman  et  al.  (2004). 

e.  Cerco  et  al.  (2004). 

f.  Derived  from  Table  6. 

4.11.3  Benthic  algae  parameters 

Table  21  below  summarizes  a  list  of  NSMII  benthic  algae  parameters  (or 
coefficients)  and  their  associated  default  values.  The  ratios  of  C,  N,  P,  and 
Chla  fractions  in  benthic  algae  are  defined  by  specifying  their  relative 
stoichiometry  weight  to  dry  weight  biomass  (loo  mg-D). 
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Table  21.  NSMII  benthic  algae  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Unit 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

BWd 

Benthic  algae  dry  weight  stoichiometry 

mg-D 

100a 

65  -  130c 

BWc 

Benthic  algae  carbon  stoichiometry 

mg-C 

40a 

o 

o 

CD 

LO 

CN 

BWn 

Benthic  algae  nitrogen  stoichiometry 

mg-N 

7.2a 

4  -  20c 

BWp 

Benthic  algae  phosphorus  stoichiometry 

mg-P 

1.0a 

n/a 

BWa 

Benthic  Chla  stoichiometry 

pg-Chla 

5000a 

400  - 3500c 

krb(T) 

Benthic  algal  base  respiration  rate 

d-1 

0.2 

0.01 -0.8b 

Yes 

1.047b 

kdb(T) 

Benthic  algae  death  rate 

d-1 

0.3 

0  -  0.8b 

Yes 

1.047b 

KLb 

Light  limiting  constant  for  benthic  algae  growth 

W  nr2 

10 

1.7  -  44e 

KsOxb 

Half-saturation  oxygen  attenuation  constant 
for  benthic  algae  respiration 

mg-02  L1 

1.0 

n/a 

fJmxb 

Maximum  benthic  algal  growth  rate 

d-1 

0.4 

0.3  -  2.25b 

Tob 

Optimal  temperature  for  benthic  algal  growth 

°C 

25d 

n/a 

ktbi 

Effect  of  temperature  below  Top  on  benthic 
algal  growth 

°C-2 

0.003d 

n/a 

ktb2 

Effect  of  temperature  above  Top  on  benthic 
algal  growth 

°C‘2 

0.01d 

n/a 

Ksb 

Half-saturation  density  constant  for  benthic 
algae  growth 

mg-D  nr2 

10 

10  -  30b 

Fb 

Fraction  of  bottom  area  available  for  benthic 
algae  growth 

unitless 

0.9 

o 

o 

F w 

Fraction  of  benthic  algae  mortality  into  water 
column 

unitless 

0.9 

o 

^-i 

o 

F rponb 

Fraction  of  benthic  algae  mortality  into  RPON 

unitless 

0.8 

0-1.0 

F Iponb 

Fraction  of  benthic  algae  mortality  into  LPON 

unitless 

0.1 

o 

i-^ 

o 

ksnxb 

Half  saturation  NH4  concentration  for  benthic 
algae  uptake 

mg-N  L1 

0.02 

0.005 -0.3b 

K 

sNb 

Half-saturation  N  limiting  constant  of  benthic 
algae  growth 

mg-N  L1 

0.25 

0.01  -  0.766b 

F rpopb 

Fraction  of  benthic  algae  mortality  into  RPOP 

unitless 

0.8 

o 

o 

F Ipopb 

Fraction  of  benthic  algae  mortality  into  LPOP 

unitless 

0.1 

o 

1-^ 

o 

K 

sPb 

Half-saturation  P  limiting  constant  of  benthic 
algae  growth 

mg-P  L1 

0.125 

lo  & 
o  r-- 

O  vH 

o  o 

F rpocb 

Fraction  of  benthic  algae  mortality  into  RPOC 

unitless 

0.8 

0-1.0 

F Ipocb 

Fraction  of  benthic  algae  mortality  into  LPOC 

unitless 

0.1 

o 

o 

F rdocb 

Fraction  of  benthic  algae  mortality  into  RDOC 

unitless 

0.05 

o 

i-^ 

o 

a.  Chapara  et  al.  (2008). 

b.  Brown  (2002). 

c.  Flynn  et  al.  (2015). 

d.  Cerco  et  al.  (2004). 

e.  Derived  from  Table  6. 
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4.11.4  Nitrogen  cycle  parameters 

Table  22  below  summarizes  a  list  of  NSMII  nitrogen  cycle  parameters  (or 
coefficients)  with  their  associated  default  values. 


Table  22.  NSMII  nitrogen  cycle  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

F rponp 

Fraction  of  algal  mortality  into  RPON 

unitless 

0.8 

0-1.0 

F Iponp 

Fraction  of  algal  mortality  into  LPON 

unitless 

0.15 

0-1.0 

krpon(T) 

RPON  hydrolysis  rate 

d-1 

0.001b 

0.007  -  0.01 

Yes 

1.08 

klpon(T) 

LPON  hydrolysis  rate 

d-1 

0.08b 

0.05  -  0.07d 

Yes 

1.08 

kdon(T) 

DON  mineralization  rate 

d-1 

0.018b 

0.0025  -  0.025c 

Yes 

1.08 

knit(T) 

Nitrification  rate 

d-1 

0.1 

0.01  -  10a 

Yes 

1.083 

kdnit(T) 

Denitrification  rate 

d-1 

0.002 

0.002  -  2.0a 

Yes 

1.045 

Vno3 

Sediment  denitrification  velocity 

m  d'1 

0 

0  -  1.0a 

Yes 

1.08 

KsOxmn 

Half-saturation  oxygen  attenuation 
constant  for  for  DON  mineralization 

mg-02  L1 

0.5 

n/a 

KsOxna 

Half-saturation  oxygen  attenuation 
constant  for  nitrification 

mg-02  L1 

2.0C 

n/a 

KsOxdn 

Half-saturation  oxygen  inhibition 
constant  for  denitrification 

mg-02  L1 

0.1c 

n/a 

rnh4 

Sediment  release  rate  of  NH4 

g-N  nr2  d'1 

0 

n/a 

Yes 

1.074b 

a.  Flynn  et  al.  (2015). 

b.  Cerco  et  al.  (2004). 

c.  Wool  et  al.  (2006). 

d.  HydroQual  (2004). 


4.11.5  Phosphorus  cycle  parameters 

Table  23  below  summarizes  a  list  of  NSMII  phosphorus  cycle  parameters 
(or  coefficients)  with  their  associated  default  values. 

4.11.6  Carbon  cycle  parameters 

Table  24  below  summarizes  a  list  of  NSMII  carbon  cycle  parameters  (or 
coefficients)  with  their  associated  default  values. 
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Table  23.  NSMII  phosphorus  cycle  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

F rpopp 

Fraction  of  algal  mortality  into  RPOP 

unitless 

0.8 

q 

T-i 

0 

F Ipopp 

Fraction  of  algal  mortality  into  LPOP 

unitless 

0.15 

q 

T-i 

0 

krpop(T) 

RPOP  hydrolysis  rate 

d-1 

0.001a 

0.007  -  0.01d 

Yes 

1.08 

kipop(T) 

LPOP  hydrolysis  rate 

d-1 

0.1a 

0.085  -  0.1d 

Yes 

1.08 

kdop(T) 

DOP  mineralization  rate 

d-1 

0.22b 

0.01  -  0.2d 

Yes 

1.08 

KsOxmp 

Half-saturation  oxygen  attenuation 
constant  for  DOP  mineralization 

mg-0  L1 

1.0 

n/a 

fpo4 

Sediment  release  rate  of  DIP 

g-P  m  2  d1 

0 

n/a 

Yes 

1.074b 

a.  Cerco  et  al.  (2004). 

b.  Wool  et  al.  (2006). 


c.  Thomann  and  Pitzpatrick  (1982). 

d.  HydroQual  (2004). 


Table  24.  NSMII  carbon  cycle  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

F rpocp 

Fraction  of  algal  mortality  into  RPOC 

unitless 

0.8 

0-1.0 

Flpocp 

Fraction  of  algal  mortality  into  LPOC 

unitless 

0.1 

q 

T-i 

0 

F rdocp 

Fraction  of  algal  mortality  into  RDOC 

unitless 

0.05 

0 

1-^ 

b 

Fco2 

Fraction  of  CO2  in  total  inorganic  carbon 

unitless 

0.2 

q 

T-i 

0 

^002 

Partial  pressure  of  CO2 

ppm 

383a 

n/a 

krpoc(T) 

RPOC  hydrolysis  rate 

d-1 

0.0025b 

0.007  -  0.01d 

Yes 

1.08 

kipoc(T) 

LPOC  hydrolysis  rate 

d-1 

0.075b 

0.007  -  0.1b 

Yes 

1.08 

krdoc(T) 

RDOC  mineralization  rate 

d-1 

0.0025b 

0.008  -  0.01d 

Yes 

1.08 

kidoc(T) 

LDOC  mineralization  rate 

d-1 

0.05b 

0.1  -  0.15c 

Yes 

1.047 

KsOxmc 

Half-saturation  oxygen  attenuation  for 

DOC  mineralization 

mg-02  L1 

1.0 

n/a 

a.  Chapara  et  al.  (2008). 

b.  Tillman  et  al.  (2004). 

c.  HydroQual  (2004). 


4.11.7  CBOD  parameters 

Table  25  below  summarizes  a  list  of  NSMII  CBOD  parameters  (or 
coefficients)  with  their  associated  default  values. 
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Table  25.  NSMII  CBOD  parameters  and  rate  coefficients  with  default  values. 


Symbol* 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

kbodi 

CBOD  oxidation  rate 

d-1 

0.12 

0.02  -  3.4a 

Yes 

1.047 

KsOxbodi 

Half-saturation  oxygen  attenuation 
for  CBOD  oxidation 

mg-02  L1 

0.5b 

n/a 

ksbodi 

CBOD  sedimentation  rate 

d-1 

0 

-0.36  -  0.36a 

Yes 

1.024 

‘Subscript  i  represents  a  specific  CBOD  group. 

a.  Brown  and  Barnwell  (1987). 

b.  Wool  etal.  (2006). 


4.11.8  Methane  and  sulfide  parameters 

Table  26  below  summarizes  a  list  of  NSMII  methane  and  sulfide 
parameters  (or  coefficients)  with  their  associated  default  values. 


Table  26.  NSMII  methane  and  sulfide  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

kch4 

CH4  oxidation  rate 

d-1 

0.1 

n/a 

Yes 

1.079 

Ks0ch4 

Half  saturation  oxygen  attenuation 
constant  for  CH4  oxidation 

mg-02  L1 

1.0 

n/a 

r ch4 

Sediment  release  rate  of  CH4 

g-02  nr2  d'1 

0 

n/a 

Yes 

1.079 

khs 

HS  oxidation  rate 

d'1 

25a 

0.15  -  0.5b 

Yes 

1.08 

KsOhs 

Half  saturation  oxygen  attenuation 
constant  for  HS  oxidation 

mg-02  L1 

0.5a 

0.2b 

n/a 

rh2s 

Sediment  release  rate  of  H2S 

g-02  nr2  d1 

0 

n/a 

Yes 

1.079 

a.  Dortch  etal.  (1992). 

b.  HydroQual  (2004). 


4.11.9  Dissolved  oxygen  parameters 

Table  27  below  summarizes  a  list  of  NSMII  DO  parameters  (or 
coefficients)  with  their  associated  default  values. 


Table  27.  NSMII  DO  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

kah(T) 

Hydraulic  oxygen  reaeration  rate 

d-1 

1 

0-100 

Yes 

1.024 

kaw(T) 

Wind  oxygen  reaeration  velocity 

m  d'1 

0 

n/a 

Yes 

1.024 

SOD(T) 

Sediment  oxygen  demand 

g-02  nr2  d'1 

0.2 

0.05  -  10a 

Yes 

1.060 

Kssod 

Half  saturation  oxygen  attenuation 
constant  for  SOD 

mg-02  L1 

1 

n/a 

a.  Thomann  and  Muller  (1987). 
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4.11.10  Silica  cycle  parameters 

Table  28  below  summarizes  a  list  of  NSMII  silica  cycle  parameters  (or 
coefficients)  with  their  associated  default  values. 


Table  28.  NSMII  silica  cycle  parameters  and  rate  coefficients  with  default  values. 


Symbol* 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

Fbsi 

Fraction  of  algal  mortality  into  BSi 

unitless 

0.9 

q 

x-i 

0 

KsSipi 

Half-saturation  Si  constant  for  algal 
growth 

mg-Si  L1 

0.03b 

0.02  -  0.08d 

KsSi 

Half-saturation  Si  constant  for 
dissolution 

mg-Si  L1 

50000 

n/a 

Vbsi 

BSi  settling  velocity 

m  d-1 

0.25b 

0.5  -  1.0e 

kbsi(T) 

BSi  dissolution  rate 

d-1 

0.03b 

0.1  -  0.25e 

Yes 

1.08 

Sk 

Silica  saturation 

mg-Si  L1 

n/a 

n/a 

r si 

Sediment  release  rate  of  DSi 

g-Si  m  2  d'1 

0 

n/a 

Yes 

1.074 

*  Subscript  i  represents  an  algal  group  as  diatom, 
a  Cole  and  Wells  (2008). 
b  Tillman  et  al.  (2004). 
c  Di  Toro  (2001). 
d  Thomann  and  Muller  (1987). 
e.  HydroQual  (2004). 


4.11.11  Pathogen  parameters 

Table  29  below  summarizes  a  list  of  NSMII  pathogen  parameters  (or 
coefficients)  with  their  associated  default  values. 


Table  29.  NSMII  pathogen  parameters  and  rate  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value 

Reference 

Range 

Temperature 

Correction 

kdx(T) 

Pathogen  death  rate 

d-1 

0.8a 

n/a 

Yes 

1.07a 

CCpx 

Light  efficiency  factor  for  pathogen 
decay 

unitless 

1.0a 

n/a 

Vx 

Pathogen  settling  velocity 

m  d-1 

1.0a 

n/a 

a  Chapara  et  al.  (2008). 


4.12  NSMII  Outputs 

This  section  describes  the  model  outputs  associated  with  NSMII.  The 
model  output  data  includes  the  water  quality  state  varaibles,  derived 
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variables,  and  intermediate  variables  computed  in  NSMII.  Table  19  lists 
the  water  quality  state  variables  modeled  in  NSMII. 

4.12.1  Derived  variables 

Nineteen  derived  water  quality  variables  are  computed  in  NSMII  and  are 
listed  in  Table  30. 


Table  30.  Derived  water  quality  variables  computed  in  NSMII. 


Variable 

Definition 

Units 

Apd 

Algae  (dry  weight) 

mg-D  L 1 

Chla 

Chlorophyll-a 

pg-Chla  L1 

Chib 

Benthic  chlorophyll-a 

mg-Chla  nr2 

DIN 

Dissolved  inorganic  nitrogen 

mg-N  L-1 

TON 

Total  organic  nitrogen 

mg-N  L-1 

TKN 

Total  kjeldahl  nitrogen 

mg-N  L-1 

TN 

Total  nitrogen 

mg-N  L-1 

DIP 

Dissolved  inorganic  phosphorus 

mg-P  L1 

TOP 

Total  organic  phosphorus 

mg-P  L1 

TP 

Total  phosphorus 

mg-P  L1 

DOC 

Dissolved  organic  carbon 

mg-C  L1 

POC 

Particulate  organic  carbon 

mg-C  L1 

POM 

Particulate  organic  matter 

mg-D  L 1 

TOC 

Total  organic  carbon 

mg-C  L1 

CBODs 

5-day  carbonaceous  biochemical  oxygen  demand 

mg-02  L'1 

H2S 

Dissolved  hydrogen  sulfide 

mg-02  L'1 

A 

Light  attenuation  coefficient 

nr1 

ka 

Oxygen  reaeration  rate 

d-1 

pH 

pH 

- 

CBOD5  is  computed  as  the  sum  of  the  contributions  from  dissolved 
organic  matter  represented  by  CBOD  and  labile  anf  refractory  dissolved 
organic  carbon 


CBOD5  =  CBOD f  (l  -  e“5W20) ) 

+  rocLDOC  (l  -  e_5W20) )  +  rocRDOC  (l  -  e“5W20) ) 


(4.56) 
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4.12.2  Pathway  fluxes 

Table  31  provides  a  summary  of  pathway  fluxes  and  additional  variables 
that  can  be  reported  in  NSMII  model  outputs. 


Table  31.  Pathway  fluxes  and  additional  variables  computed  in  NSMII. 


Name 

Definition 

Units 

Algae  i 

AP  growth 

Algal  growth 

pg-Chla/L/d 

AP  respiration 

Algal  respiration 

pg-Chla/L/d 

AP  mortality 

Algal  mortality 

pg-Chla/L/d 

AP  settling 

Algal  settling 

pg-Chla/L/d 

FL 

Algal  growth  light  limit  factor 

Unitless 

FN 

Algal  growth  N  limit  factor 

Unitless 

FP 

Algal  growth  P  limit  factor 

Unitless 

FT 

Algal  growth  temperature  limit  factor 

Unitless 

Benthic  algae 

Ab  growth 

Benthic  algae  growth 

mg-D/L/d 

Ab  respiration 

Benthic  algae  respiration 

mg-D/L/d 

Ab  mortality 

Benthic  algae  mortality 

mg-D/L/d 

FLb 

Benthic  algae  growth  light  limit  factor 

Unitless 

FNb 

Benthic  algae  growth  N  limit  factor 

Unitless 

FPb 

Benthic  algae  growth  P  limit  factor 

Unitless 

FTb 

Benthic  algal  growth  temperature  limit  factor 

Unitless 

FSb 

Benthic  algae  growth  space  limit  factor 

Unitless 

Nitrogen  cycle 

Ap->RPON 

Algal  mortality  into  RPON 

mg-N/L/d 

RPON->DON 

RPON  hydrolysis 

mg-N/L/d 

RPON->Bed 

RPON  settling 

mg-N/L/d 

AP->LPON 

Algal  mortality  into  LPON 

mg-N/L/d 

LPON->DON 

LPON  hydrolysis 

mg-N/L/d 

LPON->Bed 

LPON  settling 

mg-N/L/d 

AP->DON 

Algal  mortality  into  DON 

mg-N/L/d 

D0N->NH4 

DON  mineraliztion 

mg-N/L/d 

AP->NH4 

Algal  respiration  into  NPI4 

mg-N/L/d 

NH4->AP 

Algal  uptake  from  NPI4 

mg-N/L/d 

Bed<->NH4 

Sediment  release  of  NPI4 

mg-N/L/d 

NH4->N03 

NPI4  nitrification 

mg-N/L/d 

ERDC/EL  TR-16-1 


123 


Name 

Definition 

Units 

N03  denitrification 

N03  denitrification 

mg-N/L/d 

N03<~>Bed 

Sediment  denitrification 

mg-N/L/d 

N03->AP 

Algal  uptake  from  N03 

mg-N/L/d 

Ab->RPON 

Benthic  algae  mortality  into  RPON 

mg-N/L/d 

Ab->LPON 

Benthic  algae  mortality  into  LPON 

mg-N/L/d 

Ab~>DON 

Benthic  algae  mortality  into  DON 

mg-N/L/d 

Ab->NH4 

Benthic  algae  respiration  into  NH4 

mg-N/L/d 

NH4->Ab 

Benthic  algae  uptake  from  NH4 

mg-N/L/d 

N03->Ab 

Benthic  algae  uptake  from  N03 

mg-N/L/d 

Phosphorous  cycle 

AP~>RPOP 

Algal  mortality  into  RPOP 

mg-P/L/d 

RPOP->DOP 

RPOP  hydrolysis 

mg-P/L/d 

RPOP-->Bed 

RPOP  settling 

mg-P/L/d 

Ap->LP0P 

Algal  mortality  into  LPOP 

mg-P/L/d 

LPOP~>DOP 

LPOP  hydrolysis 

mg-P/L/d 

LPOP->Bed 

LPOP  settling 

mg-P/L/d 

Ap->D0P 

Algal  mortality  into  DOP 

mg-P/L/d 

DOP->DIP 

DOP  mineraliztion 

mg-P/L/d 

Ap->DIP 

Algae  respiration  into  DIP 

mg-P/L/d 

DIP-->AP 

Algal  uptake  from  DIP 

mg-P/L/d 

TIP->Bed 

TIP  settling 

mg-P/L/d 

Bed<-->DIP 

Sediment  release  of  DIP 

mg-P/L/d 

Ab->RPOP 

Benthic  algae  mortality  into  RPOP 

mg-P/L/d 

Ab->LPOP 

Benthic  algae  mortality  into  LPOP 

mg-P/L/d 

Ab->DOP 

Benthic  algae  mortality  into  DOP 

mg-P/L/d 

Ab->DIP 

Benthic  algae  respiration  into  DIP 

mg-P/L/d 

DIP->Ab 

Benthic  algae  uptake  from  DIP 

mg-P/L/d 

Carbon  cycle 

AP~>RPOC 

Algal  mortality  into  RPOC 

mg-C/L/d 

RPOC->LDOC 

RPOC  hydrolysis 

mg-C/L/d 

RPOC->Bed 

RPOC  settling 

mg-C/L/d 

Ap->LP0C 

Algal  mortality  into  LPOC 

mg-C/L/d 

LPOC->LDOC 

LPOC  hydrolysis 

mg-C/L/d 

LPOC->Bed 

LPOC  settling 

mg-C/L/d 

AP->RDOC 

Algal  mortality  into  RDOC 

mg-C/L/d 

AP->LDOC 

Algal  mortality  into  LDOC 

mg-C/L/d 
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Name 

Definition 

Units 

RDOC->DIC 

RDOC  mineraliztion 

mg-C/L/d 

LDOC~>DIC 

LDOC  mineraliztion 

mg-C/L/d 

CBOD->DIC 

CBOD  oxidation 

mg-C/L/d 

LDOC-->  Denitrification 

LDOC  consumed  by  denitrification 

mg-C/L/d 

Atm<->DIC 

Atmospheric  CO2  reaeration 

mol/L/d 

AP->DIC 

Algal  respiration  into  DIC 

mol/L/d 

DIC~>AP 

Algal  uptake  from  DIC 

mol/L/d 

Bed<-->DIC 

Sediment  release  of  DIC 

mol/L/d 

Ab->RPOC 

Benthic  algae  mortality  into  RPOC 

mg-C/L/d 

Ab->LPOC 

Benthic  algae  mortality  into  LPOC 

mg-C/L/d 

Ab-->RDOC 

Benthic  algae  mortality  into  RDOC 

mg-C/L/d 

Ab->LDOC 

Benthic  algae  mortality  into  LDOC 

mg-C/L/d 

Ab->DIC 

Benthic  algae  respiration  into  DIC 

mol/L/d 

DIC->Ab 

Benthic  algae  uptake  from  DIC 

mol/L/d 

CBODi 

CBOD  i  oxidation 

CBOD  oxidation 

mg-02/L/d 

CBOD  i  sedimentation 

CBOD  sedimentation 

mg-02/L/d 

Methane  and  sulfides 

CH4-->Atm 

Atmospheric  CH4  reaeration 

mg-02/L/d 

Bed<->CH4 

Sediment  release  of  CH4 

mg-02/L/d 

CH4~>DIC 

CH4  oxidation 

mg-C/L/d 

H2S-->Atm 

Atmospheric  H2S  reaeration 

mg-02/L/d 

Bed<-->H2S 

Sediment  release  of  H2S 

mg-02/L/d 

Dissolved  oxygen 

Atm<-->02 

Atmospheric  O2  reaeration 

mg-02/L/d 

Ap— >  O2 

O2  produced  by  algal  photosynthesis 

mg-02/L/d 

02-->Ap 

O2  consumed  by  algal  respiration 

mg-02/L/d 

02->RD0C 

O2  consumed  by  RDOC  oxidation 

mg-02/L/d 

02~>LD0C 

O2  consumed  by  LDOC  oxidation 

mg-02/L/d 

02->CB0D 

O2  consumed  by  CBOD  oxidation 

mg-02/L/d 

02->CH4 

O2  consumed  by  CH4  oxidation 

mg-02/L/d 

o2->hs 

O2  consumed  by  H2S  oxidation 

mg-02/L/d 

O2— >Nitrification 

O2  consumed  by  nitrification  rate 

mg-02/L/d 

DOs 

O2  saturation 

mg-02/L 

02-->Bed 

Sediment  oxygen  demand 

mg-02/L/d 

Ab-->02 

O2  produced  by  benthic  algae  photosynthesis 

mg-02/L/d 
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Name 

Definition 

Units 

02-->Ab 

O2  consumed  by  benthic  algae  respiration 

mg-02/L/d 

Silica  cycle 

Ap-->BSi 

Algal  mortality  into  BSi 

mg-Si/L/d 

BSi-->Bed 

BSi  settling 

mg-Si/L/d 

BSi — >  DSi 

BSi  dissolution 

mg-Si/L/d 

AP->DSi 

Algal  mortality  into  DSi 

mg-Si/L/d 

AP->DSi 

Algal  respiration  into  DSi 

mg-Si/L/d 

DSi->AP 

Algal  uptake  from  DSi 

mg-Si/L/d 

Bed<-->DSi 

Sediment  release  of  DSi 

mg-Si/L/d 

Pathogen 

PX  death 

Pathogen  death 

cfu/lOOmL/d 

PX  decay 

Pathogen  decay  by  sunlight 

cfu/lOOmL/d 

PX  settling 

Pathogen  settling 

cfu/lOOmL/d 

Alklinity 

AP->Alk 

Aik  increased  by  algae  respiration 

mg-CaC03/L/d 

Alk~>AP 

Aik  decreased  by  algal  growth 

mg-CaC03/L/d 

Al  k— >Nitrification 

Aik  decreased  by  nitrification 

mg-CaC03/L/d 

Den  itrification— >AI  k 

Aik  increased  by  denitrification 

mg-CaCC>3/L/d 

Ab-->Alk 

Aik  increased  by  benthic  algae  respiration 

mg-CaCC>3/L/d 

Alk->Ab 

Aik  decreased  by  benthic  algae  growth 

mg-CaCC>3/L/d 
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5  Benthic  Sediment  Diagenesis  Module 


5.1  Overview 


Sediments  process,  store,  and  release  carbon  and  nutrients.  The  benthic 
sediments  are  not  just  depositories  for  the  material  from  the  water 
column,  but  the  flux  of  constituents  from  the  sediments  into  the  water 
column,  and  vice  versa.  Therefore,  benthic  sediments  are  an  important 
part  of  controlling  the  composition  of  the  water  quality.  Both  NSMI  and 
NSMII,  as  described  in  previous  chapters,  have  the  capability  of  specifying 
rather  than  predicting  SOD  and  sediment  nutrient  releases.  The  use  of  a 
zero-order  rate  or  constant  source  term  in  water  quality  modeling  has  a 
major  limitation.  The  models  do  not  provide  for  a  mechanistic  link 
between  sediment  organic  matter  and  its  conversion  into  oxygen  demand 
and  nutrient  release  (Martin  and  Wool  2012).  An  overview  of  the  benthic 
sediment  diagenesis  processes  is  illustrated  in  Figure  17. 


Figure  17.  Diagram  of  the  benthic  sediment  diagenesis  processes. 
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The  basis  of  sediment  diagenesis  models  was  laid  out  by  Berner  (1980) 
and  further  developed  by  authors  such  as  by  Di  Toro  and  Fitzpatrick 
(1993).  Di  Toro  (2001)  provides  a  comprehensive  analysis  of  dynamic 
sediment -water  flux  models.  The  sediment  diagenesis  model  has  been 
successfully  integrated  into  several  water  quality  models,  including  CE- 
QUAL-ICM  (Cerco  and  Cole  1993,  Cerco  et  al.  2004),  QUAL2K  (Chapra  et 
al.  2008)  and  WASP  (Martin  and  Wool  2012).  To  have  a  full  sediment 
diagenesis  model  capability,  a  benthic  sediment  diagenesis  module  was 
coupled  with  NSMIFs  water  column  kinetics.  This  module  was  developed 
based  on  the  algorithms  and  formulations  presented  by  Di  Toro  (2001),  it 
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is  henceforth  referred  to  as  NSMII-SedFlux.  NSMII-SedFlux  is  used  to 
track  the  effects  of  organic  matter  decomposition  and  to  dynamically 
compute  the  SOD  and  fluxes  of  key  solutes  (e.g.,  nitrogen,  phosphorus, 
methane,  sulfide,  silica,  oxygen)  from  the  pore  waters  to  the  water  column. 
Sediment-water  fluxes  computed  in  NSMII-SedFlux  are  supplied  to 
appropriate  water  quality  mass-balance  equations. 

The  basic  framework  of  the  NSMII-SedFlux  used  here  consists  of  two  well- 
mixed  sediment  layers:  a  thin  upper  layer  (layer  l)  and  a  thicker  active  layer 
on  the  order  of  10  cm  (layer  2).  The  upper  layer  (layer  1),  in  contact  with  the 
water  column,  may  be  oxic  or  anoxic  depending  on  the  DO  concentration. 
The  lower  layer  (layer  2)  is  always  anoxic.  The  upper  layer  depth  is  at  its 
maximum  when  only  a  small  fraction  of  the  active  sediment  thickness 
(~  0.1  cm)  is  present.  The  NSMII-SedFlux  models  four  basic  processes: 

(1)  algae  and  particulate  organic  matter  (POC,  PON,  POP)  delivery  to 
benthic  sediments  from  the  water  column;  (2)  diagenesis  of  the  sediment 
particulate  organic  matter  in  the  second  layer  that  produces  dissolved 
chemicals;  (3)  production,  diffusion,  and  burial  of  sediment  dissolved 
chemicals;  and  (4)  sediment-water  exchanges  of  dissolved  chemicals. 

Figure  18  provides  an  overview  of  the  model  representation  of  state 
variables  and  the  major  processes  modeled  in  NSMII-SedFlux.  Sediment 
diagenesis  (mineralization)  reactions  only  occur  in  the  second  layer. 

The  heterogeneous  nature  of  the  sediment  organic  matter  is  recognized  and 
typically  accommodated  by  adopting  a  multi-G  approach.  The  basis  of  the 
multi-G  assumption  came  from  laboratory  experiments  that  showed  organic 
matter  decay  could  be  approximated  as  a  function  of  different  pools  (Berner 
1980).  Three  “G  classes,”  labile,  refractory,  and  inert,  are  included.  Labile, 
refractory,  and  inert  distinctions  are  based  upon  the  timescales  of  oxidation 
or  decomposition.  The  Gi  class  has  a  half-life  of  20  days.  The  G2  class  has  a 
half-life  of  one  year.  The  G3  class  undergoes  no  significant  decay  before 
burial  into  deep,  inactive  sediments  (Di  Toro  2001). 

The  sediment  diagenesis  module  focuses  on  four  components  of  organic 
matter:  carbon,  nitrogen,  phosphorous,  and  silica.  This  results  in  an 
additional  27  sediment  diagenesis  state  variables.  Table  32  lists  the 
sediment  diagenesis  state  variables  and  their  associated  symbols.  Each  one 
is  associated  with  the  benthic  sediments.  The  units  of  these  variables  are 
depicted  as  grams  per  sediment  layer  volume  basis,  or  mg  L1.  The  silica 
state  variables  are  included  in  the  sediment  diagenesis  module  only  if  the 
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water  column  silica  is  activated  within  the  model.  Methane,  sulfate,  and 
sulfide  are  tracked  in  units  of  oxygen  equivalents  (mg-02  L1)  to  easily 
balance  the  model’s  computations.  The  sediment  diagenesis  computational 
time  step  is  set  equal  to  the  water  quality  model  time  step. 


Figure  18.  State  variables  and  major  processes  modeled  in  NSMIl-SedFlux. 


Table  32.  Sediment  diagenesis  state  variables. 


Variable 

Layer 

Definition 

Units 

NH4i 

1 

Sediment  ammonium 

mg-N  L1 

N03i 

1 

Sediment  nitrate 

mg-N  L*1 

CH4i 

1 

Sediment  methane 

mg-02  L1 

TH2S1 

1 

Sediment  total  hydrogen  sulfide 

mg-02  L1 

S  04 1 

1 

Sediment  sulfate 

mg-02  L1 

DICi 

1 

Sediment  dissolved  inorganic  carbon 

mg-C  L1 

TIPi 

1 

Sediment  total  inorganic  phosphorous 

mg-P  L1 

DSii 

1 

Sediment  dissolved  silica 

mg-Si  L1 

NH42 

2 

Sediment  ammonium 

mg-N  L*1 

N032 

2 

Sediment  nitrate 

mg-N  L1 

CH42 

2 

Sediment  methane 

mg-02  L1 

TH2S  2 

2 

Sediment  total  sulfide 

mg-02  L1 
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Variable 

Layer 

Definition 

Units 

S042 

2 

Sediment  sulfate 

mg-02  L-1 

DIC2 

2 

Sediment  dissolved  inorganic  carbon 

mg-C  L1 

TIP2 

2 

Sediment  total  inorganic  phosphorous 

mg-P  L1 

OS/2 

2 

Sediment  dissolved  silica 

mg-Si  L1 

POCg/,2 

2 

Sediment  particulate  organic  carbon  (G1  -  G3) 

mg-C  L1 

P0Ng:,2 

2 

Sediment  particulate  organic  nitrogen  (G1  -  G3) 

mg-N  L1 

P0Pgi,2 

2 

Sediment  particulate  organic  phosphorous  (G1  -  G3) 

mg-P  L1 

BSh 

2 

Sediment  particulate  biogenic  silica 

mg-Si  L1 

ST 

2 

Sediment  benthic  stress 

d 

The  NSMII-SedFlux  offers  two  options  for  the  numerical  solutions  of  mass 
balance  equations  of  sediment  diagenesis  state  variables:  (l)  steady-state 
and  (2)  unsteady-state.  The  first  option  does  not  require  initial  conditions 
for  state  variables.  However,  the  initial  conditions  are  required  for  the 
second  option.  The  initial  conditions  are  specified  separately  for  the 
sediment  segments,  and  differ  from  those  for  the  water  column.  In  NSMII- 
SedFlux,  initial  conditions  are  only  required  for  sediment  diagenesis  state 
variables  in  layer  2.  The  steady-state  solution  is  typically  used  as  an  initial 
condition  for  time-dependent,  unsteady-state  simulations.  Some  caution 
should  be  exercised  using  this  approach,  particularly  for  phosphorus.  As 
indicated  by  Di  Toro  (2001),  a  steady-state  model  cannot  be  used  to 
successfully  predict  the  range  of  phosphorus  fluxes  from  the  sediments, 
particularly  under  anoxic  water  column  conditions.  As  a  result,  the  steady- 
state  option  for  computing  initial  conditions  of  diagenesis  segments 
should  not  be  used  where  the  initial  DO  concentrations  in  the  overlying 
water  column  are  near  zero. 

In  general,  the  quasi-dynamic  approach  is  used  to  refine  the  initial 
conditions  and  the  model  is  run  for  a  period  of  a  year  or  more  with 
reasonably  repeating  water  column  conditions.  The  predicted 
concentrations  in  sediment  diagenesis  segments  at  the  end  of  that  period 
are  used  to  refine  and  replace  the  specified  initial  conditions.  This  process 
is  repeated  until  the  resulting  predictions  approach  a  quasi-steady  state 
condition  (Di  Toro  2001). 

5.2  Water  Column  Depositional  Fluxes 


Sedimentation  of  solids  and  entrapment  of  water  in  the  pore  spaces  are 
two  major  fluxes  of  materials  across  the  sediment-water  interface.  As 
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organic  matter  settle  to  the  bottom,  they  are  converted  to  organic 
sediment.  Settling  phytoplankton  are  assumed  to  contribute  to  sediment 
organic  matter.  Due  to  the  negligible  thickness  of  the  first  layer,  deposition 
of  particulates  from  the  water  column  is  directly  delivered  to  the  anaerobic 
sediments.  Once  deposition  in  the  sediments  occurs,  water  column  state 
variables  are  required  to  convert  into  the  benthic  sediment’s  state 
variables  that  are  listed  in  Table  32.  If  the  benthic  algae  are  included  in 
NSMII,  the  effect  of  benthic  algae  mortality  is  taken  into  account  in 
computing  sediment  diagenesis  flux.  Three  classes  of  organic  sediment  are 
modeled  in  NSMII-SedFlux:  labile  (Gi),  refractory  (G2),  and  inert  (G3). 
Labile  particulates  from  the  water  column  are  transferred  directly  into  the 
sediment  Gi  class.  Refractory  particulates  from  the  water  column  need  to 
be  split  among  Gi,  G2  and  G3  classes  upon  entering  the  sediments  based 
upon  user-supplied  fractions.  The  depositional  fluxes  of  algae  are  first 
converted  into  PON,  POP,  and  POC  based  on  stoichiometric  ratios  and 
then  split  into  three  organic  sediment  G  classes. 

In  NSMII-SedFlux,  the  depositional  fluxes  of  organic  matter  are  computed 
using  the  water  column  concentrations  and  specified  settling  rates  and 
given  below. 

Sediment  Particulate  Organic  Carbon  (POC): 

•W  -  XXmA  +  vs,LP0C  +  FRmcivsrRpOC  +  (1  -  P  )pAB1rbAb ,  (5.1a) 

i 

3 

J P0C,G2  ~  AP2V  safcaiApi  +  F 'rPOC2V Fw  )  ^AB2rcbP^b  >  (5.1b) 

i 


JPOC,G3  =  I]!1  “  FAP1  ~  +  i1  ~  Ft 

i 

+  (1~FW)i1~FABl-  FAB2  )  rcbAb 


RPOC 1  Frpqc 2  )  VSr 


,  (5.1c) 


where 

Fapi  =  fraction  of  algae  deposit  to  sediment  Gi  (o-i.o), 

Fapz  =  fraction  of  algae  deposit  to  sediment  G2  (0-1.0), 

Fabi  =  fraction  of  dead  benthic  algae  to  sediment  Gi  (0-1.0), 
Fab2  =  fraction  of  dead  benthic  algae  to  sediment  G2  (0-1.0), 
J poc, Gi  =  total  deposition  to  sediment  POC  Gi  (g-C  nr2  d1), 
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Jpoc,G2  =  total  deposition  to  sediment  POC  G2  (g-C  nr2  d1), 
Frpoci  =  fraction  of  RPOC  deposit  to  sediment  POC  Gi  (0-1.0), 
Frpoc2  =  fraction  of  RPOC  deposit  to  sediment  POC  G2  (0-1.0), 
Jpoc,G3  =  total  deposition  to  sediment  POC  G3  (g-C  nr2  d1)- 

Sediment  Particulate  Organic  Nitrogen  (PON): 

3 

J  =S^F ,„.v  r  .A  ,  +  v  ,LPON  +  FBpr....v  RPON  +  (l- F  )F.„.r.A. 

PON,G  1  /  j  API  sai  nai  pi  si  1  RPON  1  sr  1  V  wj  AB 1  nb  b 

i 

3 

J P0N,G2  =  E  FAP2Vsairnai\i  +  FRP0N2^srRP0N  +  (l  -  Fw  )  F^A  , 
i 

3 

J PON, G3  =  E(i  Fapi  FAP2 )  vsairnaiApi  +  (l  FRPON1  FRPON2 )  vsrRPON 

i  ’ 

+  I1  -  Fu,  )  -  FAB1  -  FAB2)rnbAb 


where 

J pon, Gi  =  total  deposition  to  sediment  PON  Gi  (g-N  nr2  d1), 
Jpon,G2  =  total  deposition  to  sediment  PON  G2  (g-N  nr2  d1), 
Frponi  =  fraction  of  RPON  deposit  to  sediment  PON  Gi  (0-1.0), 
Frpon2  =  fraction  of  RPON  deposit  to  sediment  PON  G2  (0-1.0), 
Jpon,G3  =  total  deposition  to  sediment  PON  G3  (g-N  nr2  d1). 

Sediment  Particulate  Organic  Phosphorus  (POP): 

J  POP, GI  =  E  FAP1  Vsa?PaiApi  +  VslLP0P  +  F RP0V1V srRP0P  +  “  Fw)FABirpbA, 

i 

3 

J  POP, G2  =  E  FAP2Vsairpai-Api  +  F RP0P2V  srRPF^P  A  “  Fw  )  F AB2f' pb^b  > 
i 

3 

APOP,G3  “  /*  "1  (-1  —  FAP1  —  FAP2  )  VsairpaiApi  "P  —  FRPOPl  —  FRPOP2  )  VgrRPOP 
i  ’ 

+  (!  -  Fw  )  i1  -  Fabi  -  FAB2  )  rpb  Ab 


,  (5.2a) 

(5.2b) 

(5.2c) 


,(5.3a) 

(5.3b) 

(5.3c) 
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where 

Jpop,gi  =  total  depositional  flux  to  sediment  POP  Gi  (g-P  nr2  d1), 
Jpop,G2  =  total  depositional  flux  to  sediment  POP  G2  (g-P  nr2  d1), 
Frpopi  =  fraction  of  RPOP  deposit  to  sediment  POP  Gi  (0-1.0), 
Frpop2  =  fraction  of  RPOP  deposit  to  sediment  POP  G2  (0-1.0), 
Jpop,G3  =  total  organic  P  deposit  to  sediment  POP  G3  (g-P  nr2  d1)- 

Sediment  Particulate  Biogenic  Silica  (BSi): 


JBSi=J2VsairsiaiAPi+VbsiBSF 


(5.4) 


where 

Jbsi  =  total  deposition  to  sediment  BSi  (g-Si  nr2  d1)- 

5.3  Sediment  Organic  Matter 

Once  algae  and  particulate  organic  matter  deposited  on  the  bottom, 
sediment  particulate  organic  matter  is  assumed  to  be  located  exclusively  in 
the  second  layer  of  sediment.  The  sediment  diagenesis  is  simulated  by 
partitioning  deposited  organic  matter  into  three  reactivity  classes.  The 
diagenesis  processes  are  assumed  to  follow  first-order  kinetics.  The  end 
products  of  diagenesis  or  decay  of  sediment  organic  matter  include 
ammonium,  methane,  sulfide,  inorganic  phosphorus,  and  silica.  These 
constituents  can  undergo  additional  biological,  chemical,  and  physical 
processing  and  reactions  in  sediments.  Burial  of  sediment  organic  matter 
is  included  in  the  sediment  diagenesis  module.  Although  the  sediment 
layer  is  assumed  not  to  move  vertically,  its  position  relative  to  the 
sediment-water  interface  changes  as  additional  material  is  deposited  on 
the  bed.  Thus,  deposition  of  solids  from  the  water  column  results  in  older 
sediments  moving  further  from  the  sediment -water  interface.  For  all  state 
variables,  burial  is  solved  as  a  function  of  the  user  input  burial  rate. 
Magnitude  of  the  burial  rate  is  influenced  by  the  depositional  flux  of  solids 
from  the  water  column.  In  NSMII-SedFlux,  the  mass  balance  equations 
are  solved  for  each  form  of  particulate  organic  matter  (N,  P  and  C)  and  for 
each  G  class  (1-3)  are  analogous. 
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5.3.1  Sediment  particulate  organic  carbon 

Sediment  POC  is  a  component  of  the  particulate  organic  matter  that  settles 
from  the  water  column  into  the  second  layer.  Three  state  variables  are  used 
to  represent  three  reactivity  classes  (Gi  to  G3).  The  mass  balance  equation 
of  each  G  class  (i)  of  the  sediment  POC  diagenesis  can  be  written  as 


dPOCGia 


Organic  carbon  settling  to  sediment  POC,  (5.5) 


—  h2KPOC  Gi(T)  ■  POC G 


Sediment  POC  diagenesis  (P0C2->CH42), 


-  w2POCGi2 


Sediment  POC  burial, 
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Unsteady-state  solution: 


JPoc,a  Af  +  POCfjj  z 

POC™  = - — - - -  (5.8) 

1  +  KP0C'Gi{T)M+V±M 

n2 


Once  the  concentrations  of  sediment  particulate  organic  carbon  are  known, 
as  described  above,  sediment  diagenesis  fluxes  for  carbon  reactions  and 
transfers  at  the  present  time  step  (t  +  At)  are  computed  below: 


(5.9a) 
(5.9b) 
(5.9c) 

where 

Jc,Gi  =  sediment  POC  Gi  diagenesis  flux  (g-C  nr2  d1), 

Jc,G2  =  sediment  POC  G2  diagenesis  flux  (g-C  nr2  d1), 

Jc  =  sediment  POC  diagenesis  flux  (g-C  nr2  d1)- 


rf+Af  _  jy"  (tVi  PDCt+Af 
"C,G1  ^POCfiA1  "l2rty'^Gl,2  ’ 


P+At  _  7z  pnrt+At 

°C,G 2  —  lxPOC,G 2'-i  J'brw'^G7. 2  > 


G 2,2  ’ 


rf+Af  _  Tt+Af  |  Tf+Af 
0  C  —  J  C,G1  0  C,G2  ’ 


5.3.2  Sediment  particulate  organic  nitrogen 

The  mass  balance  equation  of  each  G  class  (i)  of  the  sediment  PON 
diagenesis  is  developed  in  a  similar  manner  to  POC  for  computing  the 
diagenesis  flux  of  nitrogen,  Jn. 

h2 - - — -  =  JPONG\  Organic  N  settling  to  sediment  PON,  (5.10) 

at 

—  h2KPON Gi(r)  ponGi2  Sediment  PON  diagenesis  (P0N2-->NH42), 

-  w2pong.2  Sediment  PON  burial, 


where 

P0Ng\,2  =  sediment  PON  (Gi  to  G3)  (g-N  m  3), 

Kpon,&(t)  =  sediment  PON  (Gi  to  G3)  diagenesis  rate  (d1). 
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Equation  5.10  is  solved  algebraically  for  three  G-class  sediment  PON  at  the 
present  time  step  (t  +  At)  as  follows 

Steady-state  solution: 


PON 


t+At 

Gi,2 


Ji 


PON,Gi 

h7 


KP0N,Gi(T)  +  1^ 

n2 


Unsteady-state  solution: 


PON 


t+At 

Gi,2 


A 


pon, a  At  +  pon\,i  2 

1 


1  +  K 


PON,Gi 


,(r)At  +  ^-At 
h2 


(5.11) 


(5.12) 


Total  sediment  diagenesis  fluxes  for  nitrogen  reactions  and  transfers  at  the 
present  time  step  (f  +  At)  are  computed  below 


(5.13a) 

Tt+At  —  K  (tVi  POAft+At 

°N,G2  ^PON^1  "t2-r'^1VG2,2  ’ 

(5.13b) 

jt+At  _  jt+At  ,  jt+At 

J  N  ~  J  N,G1  '  J  N,G2  ’ 

(5.13c) 

where 

Jn.gi  =  sediment  PON  Gi  diagenesis  flux  (g-N  nr2  d1), 

Jn,gz  =  sediment  PON  G2  diagenesis  flux  (g-N  m  2  d1), 

Jn  =  sediment  PON  diagenesis  flux  (g-N  nr2  d1)- 

5.3.3  Sediment  particulate  organic  phosphorus 

The  mass  balance  equation  of  each  G  class  (i)  of  the  sediment  POP 
diagenesis  is  developed  in  a  similar  manner  to  POC  and  PON  for 
computing  the  diagenesis  flux  of  phosphorus,  Jp. 
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j  dPOPGi,2  _  j 

n2  i ,  ~  u  POP,Gi 

at 


-h2KPOpni(T)-POPGi 


-  w2POPGi  2 


Organic  P  settling  to  sediment  POP, 

Sediment  POP  diagenesis  (POP2->DIP2), 
Sediment  POP  burial, 


(5.14) 


where 

POPg i,2  =  sediment  POP  (Gi  to  G3)  (g-P  m  3), 

Kpop,gi(t)  =  sediment  POP  (Gi  to  G3)  diagenesis  rate  (d1)- 

Equation  5.14  is  solved  algebraically  for  three  G-class  sediment  POP  at  the 
present  time  step  (t  +  At)  as  follows 

Steady-state  solution: 


POP! ^ - ,  (5.15) 

KP0P>Gi(T)  + 

n2 

Unsteady-state  solution: 

Jpop,Gi  Af  +  P0Pt,.  2 

POP^ If  = - ^ - -  (5.16) 

l  +  KP0P,Gi(T)At  +  l-^At 
n2 


Total  sediment  diagenesis  fluxes  for  phosphorus  reactions  and  transfers  at 
the  present  time  step  (f  +  At)  are  computed  below 


J‘rt=Kwrfil(T)h2POP^, 

(5.17a) 

Tt+At  _  TT  (T^h  POPt+At 

0  P,G2  "L2ryjrG2,2  ’ 

(5.17b) 

rf+Af  rf+Af  |  rf+Af 

dp  —  d  pG1  -td  pG2  , 

(5.17c) 

where 

Jp,Gi 

Jp,g-a 

=  sediment  POP  Gi  diagenesis  flux  (g-P  nr2  d1), 

=  sediment  POP  G2  diagenesis  flux  (g-P  nr2  d1), 
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Jp  =  sediment  POP  diagenesis  flux  (g-P  nr2  d1)- 

5.3.4  Sediment  particulate  biogenic  silica 

Silica  associated  with  diatoms  and  deposited  from  the  water  column  is 
represented  as  particulate  biogenic  silica  (BSi)  and  is  modeled  in  layer  2. 
Sediment  biogenic  silica  can  then  undergo  either  deep  burial  or 
dissolution  to  dissolved  silica.  Production  of  dissolved  silica  in  sediments 
occurs  via  a  different  mechanism  than  the  diagenesis  used  for  carbon, 
nitrogen  and  phosphorous.  It  results  from  the  dissolution  of  sediment 
particulate  biogenic  silica.  The  dissolution  releases  silica  to  the  pore  water 
(Hurd  1973,  Di  Toro  2001).  The  kinetics  of  biogenic  silica  dissolution  is 
computed  using  Michaelis-Menton  expression  (Conley  and  Kilham  1989). 

The  mass  balance  equation  of  the  sediment  BSi  can  be  written  as 

dB  Si 

h2 — =  JBsi  Organic  silica  settling  to  sediment  BSi,  (5.18) 

at 

BSi 

-hiKAT)  7,  ’  fe  “  fdsn^h )  Sediment  BSi  dissolution  (BSi2-->DSi2), 

KsSi  + 

—  w2BSi2  Sediment  BSi  burial, 


where 

BSiz  =  sediment  BSi  (mg-Si  L1), 

KsSi  =  half  saturation  Si  constant  for  BSi  dissolution  (mg-Si  L1), 
kbsi2(T)  =  sediment  BSi  dissolution  rate  (d-1), 

Sis  =  Si  saturation  (mg-Si  L1)- 

Equation  5.18  can  be  solved  for  the  sediment  BSi.  Unsteady  state  solution 
at  the  present  time  step  (f  +  At)  is  derived  from  an  explicit  scheme  due  to  a 
nonlinear  relationship. 


Steady-state  solution: 

BSit+At  =  +  ~  4w2KsSiJ]isi  ;  b  =  J'I1S]  +  w2KsSi  -  h2kbsi2 {T)(sis  -  fdsi2Si‘2  ) 


(5.19) 
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Unsteady-state  solution: 


BSi':AI  —  BSil  +  — 


Jm  -w2BSi[-h2kbsi2 


( T ) 


BSil 


KsSi  +  BSil 


Si 


,  (5.20) 


Biogenic  silica  dissolution  rate  at  the  present  time  step  (f  +  At)  is 
computed  using  the  following  equation 


rf+Af 
J  Si 


KKs^t) 


BSi 


f+Af 


KsSi  +  BSi: 


f+Af 

2 


(5.21) 


where 

Jsi  =  sediment  BSi  dissolution  rate  (g-Si  nr2  d1)- 

5.4  Sediment  Reaction  Constants  and  Coefficients 

Sediment  inorganic  state  variables  in  the  two  layers  are  subject  to  a 
number  of  reactions  and  mass  transfer.  This  section  describes  the 
sediment  reaction  processes  and  their  rates  internally  computed  in 
NSMII-SedFlux.  These  constants  are  necessary  for  solving  the  mass 
balances  of  sediment  inorganic  state  variables. 

5.4.1  Temperature  dependent  coefficients 

Most  of  sediment  diagenesis  reaction  rates  are  temperature  dependent 
and  must  be  corrected  according  to  the  temperature  correction  function 
described  earlier  in  Chapter  2.  The  following  coefficients  must  be 
corrected  with  a  modified  temperature  correction  equation 


T- 20 


^M,l(r)  =  lW20)0  2  - 

(5.22a) 

T-20 

+!O3;l(:r)  =  l;no3>l(20)0  2  - 

(5.22b) 

T-20 

VchvW  =  v<M±(20)6  2  , 

(5.22c) 

T-20 

Vh2s,d(T)  =  Vh2sd(.20)6  2  , 

(5.22d) 
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T- 20 


yh2S,p(r)  =  1Wn(20  )0 


h2s,p' 


(5.22e) 


where 


Vnh4,l(T)  — 

Vnh4,l(20)  = 
Vno3,i(T)  = 

Vno3,i(20)  = 
Vnh4,l(T)  = 

Vnh4,l(20)  = 
Vh2s,d(T)  = 

Vh2s,p(T)  = 

Vh2s,d(20)  = 

Vh2s,p(20)  = 


sediment  layer  l  nitrification  transfer  velocity  at  local  temperature 
(m  d-1), 

sediment  layer  l  nitrification  transfer  velocity  at  20°C  (m  d1), 
sediment  layer  l  denitrification  transfer  velocity  at  local 
temperature  (m  d1), 

sediment  layer  l  denitrification  transfer  velocity  at  20°C  (m  d1), 
sediment  layer  l  CH4  oxidation  transfer  velocity  at  local 
temperature  (m  d1), 

sediment  layer  1  CH4  oxidation  transfer  velocity  at  20°C  (m  d1), 
sediment  layer  1  H2S  dissolved  oxidation  transfer  velocity  at 
local  temperature  (m  d1), 

sediment  layer  1  H2S  particulate  oxidation  transfer  velocity  at 
local  temperature  (m  d1), 

sediment  layer  1  H2S  dissolved  oxidation  transfer  velocity  at  20°C 
(m  d1), 

sediment  layer  1  H2S  particulate  oxidation  transfer  velocity  1  at 
20°C  (m  d1)- 


5.4.2  Sediment  equilibrium  partitioning  fractions 

Dissolved  constituents,  including  ammonium,  sulfide,  inorganic 
phosphorous,  and  silica,  can  sorb  to  the  sediment  particles.  A  linear 
equilibrium  partitioning  is  assumed  at  all  times  between  dissolved  and 
adsorbed  phases  in  the  two  layers.  The  dissolved  (fd),  and  particulate  (fP), 
fractions  are  computed  using  the  partition  coefficients  and  the 
concentration  of  sediment  solids  in  each  layer 


f<n 


i+CssiKi 


■i-U 


(5.23) 


where 

kdi  =  partition  coefficient  in  sediment  layer  i  (Iv1  kg), 
Cssi  =  solids  concentration  in  sediment  layer  i  (kg  LA). 
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5.4.3  Sediment  half-saturation  oxygen  attenuation 

Sediment  DO  is  not  included  as  a  state  variable  in  the  sediment  diagenesis 
module.DO  is  assumed  to  be  zero  in  the  anaerobic  layer  (layer  2).  Using 
the  overlying  water  DO  concentration  as  a  boundary,  a  linear  decline  of 
DO  is  assumed  from  water  column  the  aerobic  layer.  Therefore,  DO  in 
aerobic  layer  is  approximately  half  of  DO  in  the  water  column.  Oxygen 
attenuation  factors  for  sediment  nitrification  and  oxidation  are  computed 
using  the  half-saturation  function 

=  0.5 -DO/(Km  +  0.5  DO),  (5.24a) 

=  0.5  ■ •  DO/(Km  +0.5  DO),  (5.24b) 


where 

KsOxnai  =  half-saturation  oxygen  attenuation  constant  for  sediment 
nitrification  (mg-02  L1), 

KsOxch  =  half-saturation  oxygen  attenuation  constant  for  CH4  oxidation 
(mg-02  L1), 

Foxnai  =  oxygen  attenuation  factor  for  sediment  nitrification  (0-1.0), 
Foxchi  =  oxygen  attenuation  factor  for  sediment  CH4  oxidation  (0-1.0). 


5.4.4  Sediment-water  transfer 

The  surface  mass  transfer  velocity  controls  dissolved  constituent  exchange 
between  the  aerobic  layer  and  the  overlying  water  column.  The  sediment 
diagenesis  module  uses  the  same  mass  transfer  coefficient  for  all  sediment 
dissolved  state  variables  since  differences  in  the  diffusion  coefficients  are 
subsumed  in  the  kinetic  parameters  (Di  Toro  2001).  The  mass  transfer 
velocity  between  the  overlying  water  and  the  aerobic  layer  is  defined  as 


K 


L  01 


SOD 
DO  ’ 


(5.25) 


where 

Kloi  =  sediment- water  mass  transfer  velocity  (md1). 
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5.4.5  Dissolved  mass  transfer  between  two  layers 

The  dissolved  and  particulate  phase  mixing  coefficients  between  the  two 
layers  determine  the  rate  at  which  chemicals  stored  in  the  anaerobic  layer 
are  transferred  to  the  aerobic  layer  and  potentially  to  the  overlaying  water 
column.  Dissolved  phase  mixing  between  layers  l  and  2  is  via  molecular 
diffusion,  which  is  enhanced  by  the  mixing  activities  of  the  benthic 
organisms.  Benthic  organisms  cause  bio-irrigation  and  the  dispersion  of 
dissolved  substances.  The  overall  mass  transfer  coefficient  includes  the 
effects  of  flow,  bio-irrigation,  and  molecular  diffusion.  The  dissolved  mass 
transfer  velocity  is  estimated  through  specifying  a  sediment  pore-water 
diffusion  coefficient 


K 


L 12 


Affr) 

0.5/j2  ’ 


(5.26) 


where 

KL12  =  dissolved  mass  transfer  velocity  between  layers  1  and  2  (m  d1), 
Dd(T)  =  sediment  pore-water  diffusion  coefficient  (m  d1)- 

KL12  is  used  to  compute  sediment  diffusion  of  NH4,  NO3,  CH4,  H2S,  DIC, 
DIP,  and  DSi  between  layers  1  and  2. 

5.4.6  Particle  mixing  transfer  between  two  layers 

Particle  mixing  transfer  velocity  is  used  to  compute  transfer  of  particulate 
ammonium,  sulfide,  phosphorous,  and  silica  between  layers  1  and  2. 
Sediment  particle  phase  mixing  is  controlled  by  temperature,  carbon  input, 
and  oxygen.  The  particle  phase  mixing  transfer  velocity  is  computed  using 
the  apparent  particle  diffusion  coefficient  and  sediment  organic  carbon 

co12  =  Dp(l\  fQCci2  ,  (5.27) 

0-5 h2  (10 3Css2POCr) 


where 

012  =  sediment  particle  phase  mixing  transfer  velocity  due  to 
bioturbation  (m  d1), 

POCr  =  reference  POCa  for  sediment  particle  phase  mixing  (mg-C  g1)- 
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The  above  formulation  assumes  that  particle  mixing  is  correlated  with  the 
amount  of  labile  carbon  (e.g.,  P0Cgi,2)  present  in  the  sediment.  However,  if 
excess  carbon  loading  creates  unfavorable  oxygen  conditions,  the  model 
accumulates  a  benthic  stress  (equation  5.28).  After  the  stress  has  passed, 
the  minimum  is  carried  forward  for  the  rest  of  the  year  to  simulate  the 
observation  that  benthic  communities  do  not  recover  until  the  following 
year  (Diaz  and  Rosenberg  1995).  Therefore,  particle  mixing  transfer 
velocity  is  corrected  by  modeled  benthic  stress. 

Note  that  the  same  formulations  for  computing  Kli2  and  0x2  are  used  in 
QUAL2K  and  WASP.  However,  ha  is  used  in  original  sediment  diagenesis 
models,  rather  than  0.5I1. 


5.4.7  Sediment  benthic  stress 


One  additional  impact,  if  anoxia  occurs  for  periods  of  time,  the  benthic 
population  will  be  ultimately  reduced  or  eliminated,  so  that  bioturbation  is 
consequently  reduced  or  eliminated.  To  include  this  effect,  the  benthic 
stress  that  low  DO  conditions  impose  on  the  population  is  simulated  using 
a  benthic  stress  defined  by  Di  Toro  (2001). 


dST 

dt 


-KST  + 


K 


sDp 


ksDp  +  do 


(5.28) 


where 

ST  =  sediment  benthic  stress  (d), 
kst  =  decay  rate  for  benthic  stress  (d1), 

Ksdp  =  half-saturation  oxygen  constant  for  sediment  particle  mixing 
(mg-02  LA). 

Equation  5.28  can  be  solved  for  the  sediment  benthic  stress 


(^rj-it+At 


STf  + 


K 


K 


sDp 


sDp 

+  DO 


At 


1 +KAt 


(5.29) 


Particle  phase  mixing  coefficient  given  in  equation  5.27  is  modified  to 
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co12=eo12(l-kstSTt+At). 


(5.30) 


5.4.8  Sediment  sulfate  penetration 

Sulfate  reduction  removes  sulfate  and  ultimately  produces  sulfide  in  the 
anaerobic  layer.  Sulfate  is  also  produced  in  the  aerobic  layer  because  of 
sulfide  oxidation.  Sulfate  reduction  and  sulfide  production  are  competing 
processes,  and  the  preference  of  pathway  is  dependent  solely  on  the 
concentration  of  sulfate  causing  inhibition.  The  sediment  sulfate 
concentration  decreases  with  sulfide  formation  and  increases  with  sulfide 
consumption.  Because  sulfate  in  the  anaerobic  layer  may  become  limiting 
to  sulfate  reduction  in  low-salinity  sediments,  the  thickness  of  sulfate 
penetration  is  often  less  than  the  active  sediment  layer  thickness; 
therefore,  Kli2  is  scaled  to  sulfate  penetration  thickness  to  yield  a  sulfate 
specific  mass-transfer  coefficient,  Kli2,so4 ■ 

Sediment  sulfate  specific  mass-transfer  velocity,  Kli2,so4  and  thickness  of 
sulfate  penetration,  hso4,  are  given  by  Di  Toro  (2001) 


KL 


12  SO  4 


Ml 

0.5/1.  „ 


(5.31a) 


h 


so  4 


2D,(T)-S042 


J, 


Cc 


(5.31b) 


where 

Kli2,so4  =  sediment  sulfate  specific  mass-transfer  velocity  (m  d1), 
hso4  =  thickness  of  sediment  sulfate  penetration  (m), 

Jcc  =  total  sediment  POC  diagenesis  flux  corrected  for 
denitrification  (g-02  nr2  d1)- 

5.5  Sediment  Inorganic  Constituents 

The  sediment  inorganic  constituent  state  variables  include  ammonium, 
nitrate,  inorganic  phosphorus,  dissolved  silica,  methane,  sulfide,  and 
hydrogen  sulfide.  This  section  describes  mass-balance  equations  of  these 
state  variables  and  their  numerical  solutions.  Each  state  variable  is 
modeled  for  two  layers:  an  aerobic  layer  and  an  anaerobic  layer.  The 
NSMII-SedFlux  models  biogeochemical  reactions,  burial,  diffusion  of 
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dissolved  material  between  the  aerobic  sediments  and  overlying  water 
column  and  between  sediment  layers,  and  the  mixing  of  particulate 
material  between  layers.  Burial  from  layer  l  is  added  to  layer  2,  whereas 
burial  from  layer  2  is  considered  deep  burial  out  of  the  modeled  system. 


Two  solutions  for  each  state  variable  are  included  in  NSMII-SedFlux.  One 
is  solved  based  on  steady  state  conditions.  The  other  is  solved  based  on  the 
unsteady-state  conditions.  Because  the  aerobic  layer  is  thinner  when 
compared  to  the  anaerobic  layer,  it  is  always  assumed  that  the  aerobic 
layer  is  under  a  steady-state  when  compared  to  the  slower  processes  that 
are  occurring  within  the  anaerobic  layer.  The  finite  difference  equations 
are  solved  using  the  same  matrix  solution  provided  in  this  chapter. 


5.5.1  Sediment  ammonium 

Sediment  ammonium  (NH4)  is  produced  by  decomposition  of  the  reactive 
Gi  and  G2  classes  of  PON  (PONGi  and  PONG2)  in  layer  2.  NH4  may  be 
transferred  to  layer  1  through  porewater  diffusion.  While  in  the  aerobic 
layer,  NH4  is  converted  to  nitrate  via  nitrification.  The  nitrification  rate  is 
computed  according  to  Michaelis-Menten  kinetics  with  respect  to  NH4  and 
DO.  The  nitrification  rate  decreases  as  the  NH4  concentration  increases. 
Similarly,  the  nitrification  reaction  decreases  with  the  decreasing  DO. 
Sediment-water  transfer  of  NH4  depends  on  the  concentration  gradient 
between  aerobic  layer  and  overlying  water.  Sediment  NH4  may  undergo 
burial  due  to  sedimentation.  Sorption  of  NH4  on  sediments  is  modeled.  At 
equilibrium,  the  distribution  of  NH4  between  sediments  and  pore  water  can 
be  described  by  the  equilibrium  partitioning  isotherm.  So  sediment  total 
ammonium  (TNH4)  is  used  as  a  single  state  variable.  The  mass  balance 
equations  of  TNH4  in  layers  1  and  2  can  be  written  as 


K 


dTNHA 1 
dt 


-  w2TNH4l 


NH4  burial  from  layer  1, 


(5.32a 

) 


-F, 


K 


sNHA 


y  nh4,\ 


(T)2 


OxnaX 


KsNH,  +  fdJNH4x  K 


fMTNH\ 


101 


NH4  nitrification  in  layer  1  (NH4i- 
>N03i), 


+  col2{fpn2TNH42  -  fpniTNH4l ) 


NH4  particulate  transfer  between  layers  1 
and  2  (PNH42<->PNH4i), 


^l\2  U'dn  2  TNH  4  2  —  fdn ,  TNH  4 , ) 


NH4  dissolved  transfer  between  layers  1 
and  2  (NH42<->NH4i), 
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KLOi  {fMTNH4,  -Nil 4) 


NH4  sediment-water  transfer  (NH4i<-- 
>NH4), 


,  dTNH4n  T 

h2 - N - ~  =  ^N 

at 

+  w2TNH4l 
-  w2TNH 4 2 

~  {fP„2TNH42  -  fpniTNH4l ) 

~  KL\2  (fJjl2TN//42-fliilTN//4l) 


Total  PON  diagenesis  flux  in  layer  2  (5.32b) 

NH4  burial  from  layer  1, 

NH4  burial  from  layer  2, 

NH4  particulate  transfer  between  layers 
land  2  (PNH42<->PNH4i), 

NH4  dissolved  transfer  between  layers 
land  2  (NH42<->NH4i), 


where 

TNH4i  =  total  ammonium  in  sediment  layer  i  (mg-N  L1), 

KsNh4  =  half  saturation  NH4  constant  for  sediment  nitrification  (mg-N  Lr1), 
fdni,fpni  =  dissolved  and  particulate  fractions  of  NH4  in  sediment  layer  i. 

Implicit  finite  difference  forms  of  above  mass  balance  equations  of  TNH4 
are  written  as 


a11TNH4[+At  +  a12TNH4f2+At  =  b± , 

(5.33a) 

a21TNH4‘±+At  +  a22TNH4‘2+At  =  b2 , 

(5.33b) 

Unsteady-state  solution: 

K  v  (t)2 

r  |  jr  r  1  \  -F  T7  '~sNH4  n/j4,l''  ^  ,  t/-  r 

^11  ^  12  J  pnl  '  dnl  '  ^2  '  J  dnl*' '  Oxnal  „  -  „  jr  '  ^  LOlJdnl  1 

^sNH4  ^ L01 

(5.34a) 

^12  (^12Jpn2  ^ L 12  f dn 2  ’ 

(5.34b) 

b±=KL0±NH 4S 

(5.34c) 

^21  ^±2-f pn±  ^ L±2-f  dnl  ^2  f 

(5.34d) 
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°22  —  ( ^4l2  f pn 2  +  KL12fdn2  +  W2  )  +  ’  (5.34e) 

b2  =  J£At  +  ,  (5 .34f ) 

At 

Steady-state  solution: 

a22  =  0)12fpn2  +  KL±2fdn2  +  W2  ,  (5.35a) 

b2=JlMAt’  (5.35b) 

Initial  sediment  ammonium  in  sediment  layers  l  and  2  need  to  be 
converted  into  total  concentration  for  solving  TNH4.  Dissolved 
ammonium  in  each  layer  is  computed  as 

NHA{  =  fdniTNHAi ,  (5.36a) 

f^  =  TT< rf — =  1“F<.  (5-36b> 

1 '  ^ssiKdnhAi 


where 

NH4i  =  ammonium  in  sediment  layer  i  (mg-N  L1)  (i  =  1,  2). 

When  oxygen  is  available,  sediment  ammonium  may  be  nitrified  and  then 
denitrified  to  nitrogen  gas.  Nitrification  reaction  can  be  represented  by 

NH 4+  +  20 2  -»  2 H  +  H20  +  NO >3“ 


2  •  32/14  =  4.57  g— O2  are  required  for  1  g-N1  oxidized.  The  sediment 
nitrification  process  consumes  oxygen,  which  is  defined  as  nitrogenous 
SOD  (NSOD) 


NSOD  =  F„. 


K 


u(r)2 


KsNHA  +  fdnlTNHA1 


K, 


L 


.  r  TNH 4,  , 

an  1  on  1  7 


(5.37) 


where 


Ton  =  O2  :  N  ratio  for  nitrification  (g-02  g-N'1). 
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5.5.2  Sediment  nitrate 

The  only  source  term  for  sediment  nitrate  is  nitrification  in  the  aerobic 
layer.  Sediment  nitrate  (NO3)  is  produced  by  the  nitrification  of 
ammonium  in  the  aerobic  layer  and  can  be  reduced  to  gaseous  nitrogen 
through  denitrification  in  either  layer.  Sediment  denitrification  is 
simulated  for  both  layers.  The  mass  balance  equations  of  NO3  in  layers  1 
and  2  can  be  written  as 


K 


dNO\ 

dt 


Kojjf 

KL  01 


N03 ! 


N03  denitrification  in  layer  1, 


F, 


K 


sNH  4 


ynh4. 


i(T)2 


Oxnal 


KsNH4  +  L,JNH4t  Km 


L,JNH4{ 


NH4  nitrification  in  layer  1 
(NH4i->N03i), 


+  K,Jn032-N03i) 


-K,jN03,-N03) 


N03  transfer  between  layers  1 
and  2  (N032<->N03i), 

N03  sediment-water  transfer 
(N03<->N03i), 


(5.38a) 


h2  dN032  _  _Vno32(T) ■  N032  N03  denitrification  in  layer  2,  (5.38b) 

dt 

-Klu{N032-N03x)  N03  transfer  between  layers  1 

and  2  (N032<->N03i), 


where 

NO31  =  nitrate  in  sediment  layer  i  (mg-N  L_1). 

Implicit  finite  difference  forms  of  the  above  mass  balance  equations  of 
NO3  are  written  as 

a1±N03[+At  +  a12N03‘2+At  =  b±  ,  (5.39a) 

a21N03[+At  +  a22N03‘2+At  =  b2  ,  (5.39b) 
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Unsteady-state  solution: 


ail  KLi2 


b  =  F 

1  A  Oxnal 


K 


*Wr)2  ,  ^ 

■  v  +KL01’ 

-*Moi 

(5.40a) 

=  —K-L12  ’ 

(5.40b) 

v  (tY 

- -LiTNH4[^  +  Kl01NO3f , 

^LOl 

(5.40c) 

=  —Kl12  ’ 

(5.40d) 

+  Vno3,2^)Jl~~^’ 

(5.40e) 

—NOSi , 

A  z 

(5.40f) 

Steady-state  solution: 


a22  K r.  12  “1“  Vno3,2  (.l”)  ! 


b2=  O, 


(5.41a) 

(5.41b) 


Movement  of  nitrate  between  water  and  sediments  is  strongly  influenced 
by  the  concentration  of  nitrate  in  the  water  column.  When  nitrate  is 
abundant  in  the  water  column,  nitrate  usually  diffuses  from  overlying 
water  into  the  sediments  where  it  is  denitrified  to  gaseous  form.  Sediment 
is  a  net  sink  for  nitrate  in  the  overlying  water  in  this  case.  When  nitrate  is 
absent  from  the  water  column,  small  quantities  of  nitrate  may  diffuse  from 
sediment  interstitial  water  into  the  overlying  water. 

5.5.3  Sediment  methane 

Sediment  carbon  diagenesis  in  the  anaerobic  layer  produces  either 
hydrogen  sulfide  (H2S)  or  methane  (CH4)  (Di  Toro  2001).  In  fresh  water 
sediments,  the  organic  carbon  decomposes  to  yield  methane.  In  salt  water, 
hydrogen  sulfide  is  produced  by  the  diagenesis  through  reduction  of  sulfate. 
The  process  of  sulfate  reduction  is  very  important;  sulfate  is  a  major 
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constituent  of  salt  water  (28  mM).  Sediment  carbon  diagenesis  produces 
methane  and  hydrogen  sulfide  via  the  following  reactions  (Di  Toro  2001). 

2 CH20  -+  CH4  +  ca 
2 CH20  +  H,S04  ->  2 C02  +  H,S  +  2 H20 

1 

where  CH20  is  a  simplified  representation  of  sediment  organic  matter. 
One  gram  of  organic  matter  would  yield  0.5  g  of  methane  or  0.5  g  of 
hydrogen  sulfide  in  the  anaerobic  sediments.  However,  some  of  the 
sediment  organic  carbon  does  not  decompose.  Sediment  organic  carbon  is 
first  used  by  denitrification  (Di  Toro  2001) 

5 CH20  +  4 H+  +  4NO~  -+■  5 C02  +  2 N2  +  1H20 

The  sediment  carbon  diagenesis  flux  consumed  during  denitrification, 
Jc,dn,  is  computed  as 


Tt+At 

dC,dn 


=  r 


5*12 


4*14 


*w  (T)2 


K, 


N03[+At  +  vno32(T)N03'2AI 


(5.42) 


Any  remaining  carbon  is  processed  by  sulfate  reduction,  after  which 
methanogenesis  occurs.  Remaining  sediment  carbon  flux  become 


Tt+At  _  Tf+Af  Tt+At 
JCc  ~'ocJC  JC,dn- 


(5.43) 


Methane  dissolves  and  often  increases  rapidly  in  concentration  until 
saturation  in  the  sediments  of  fresh  water  bodies.  The  methane  saturation 
is  primarily  a  function  of  water  pressure  (depth)  and  water  temperature 
although  salinity  will  affect  the  saturation,  too.  Di  Toro  (2001)  provides 
the  following  methane  saturation  equation 


cm  =100 


.  h 
1 H - 

10 


1.024 


20-r 


(5.44) 


where 

CH4s  =  methane  saturation  (mg-02  L1), 
h  =  overlying  water  depth  (m). 
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After  interstitial  waters  become  saturated  with  respect  to  methane, 
methane  may  then  be  stored  and  removed  as  gas  bubbles  (Rudd  and 
Taylor  1980).  The  loss  of  methane  as  bubbles  is  an  important  sink.  Two 
options  are  included  in  NSMII-SedFlux  for  computing  sediment  methane 
and  its  oxygen  demand:  (1)  numerical  solutions  and  (2)  analytical 
solutions.  If  the  methane  saturation  is  exceeded,  the  numerical  solution  is 
not  appropriate  because  the  CSOD  becomes  constant  and  hits  a  ceiling 
(Chapra  1997). 

5.5.3. 1  Numerical  solution 

The  mass  balance  equations  of  sediment  methane  (CH4)  in  layers  1  and  2 
can  be  written  as 


h\  dCH^i  _  -F0xchl  chA'1^  -  CH4]  CH4  oxidation  in  layer  1  (CS0Dch4),  (5.45a) 

dt  Km 

+  KLl2(CH42  —  CH 4j )  CH4  transfer  between  layers  1  and  2 

(CH42<->CH4i), 

~kloi{ch^i  -CH4)  CH4  sediment-water  transfer  (Jch4(cd), 


hn  dCHAtl-  =JCCHA  Total  POC  diagenesis  into  CH4  in  layer  2,  (5.45b) 

dt 

-  KLl2(CH42- CH4X)  CH4  transfer  between  layers  land  2 

(CH42<->CH4i), 

where 

CH4i  =  methane  in  sediment  layer  i  (mg-Cb  L1), 

Jc,ch4  =  total  sediment  POC  diagenesis  flux  into  CH4  (g-02  nr2  d1)- 

Implicit  finite  difference  forms  of  above  mass  balance  equations  of  CH4 
are  written  as 


a±±CH4.f±  &t  +  a12CH 42+At  =  b±  ,  (5.46a) 

a2±CH 4(+Af  +  a22CH4-l2+At  =  b2  ■  (5.46b) 
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Unsteady-state  solution: 


„  y  ,  p  Vch^Tf  .  y 

U11  —  iVL12  '  1  Oxchl  Tf  1  ^LOl  ’ 

^LOl 

(5.47a) 

°12  =  ^ L 12  ’ 

(5.47b) 

K  =  Klo±CH4‘  , 

(5.47c) 

a2 1  =  ^ L12  ’ 

(5.47d) 

h2 

a22  -*^L12  T  ^  ’ 

(5.47e) 

b2=Jc%.+^tCH4'2, 

(5.47f) 

Steady-state  solution: 

Q22  =  Kl12  ’ 

(5.48a) 

h  —  Tt+At 

u2  ~  0  C,CH 4  ' 

(5.48b) 

If  the  modeled  concentration  in  layer  2  (CH42)  exceeds  the  saturation, 
then  the  CH42  is  set  to  saturation  (CH4s)  and  the  concentration  in  layer  1 
(CH41)  is  recomputed  from  equations  5.44a, b.  It  is  assumed  that  super¬ 
saturation  does  not  occur  and  that  all  methane  produced  in  excess  of  the 
saturation  is  immediately  transferred  to  gas  bubbles.  This  means  that  all 
methane  produced  after  the  establishment  of  the  saturation  is  lost  to  the 
atmosphere.  The  gas  flux  of  methane  is  computed  via  a  mass  balance  of 
sediment  methane  when  CH42  >  CH4s. 

jt+At  _  jt+At  rt+At  rror)r)t+At  ^2  (cZJAt+At 

U  CH  4(p)  —  0  C  ,CH  4  0  CH4{d)  CH4  ^2 

-CH4'),  (5.49) 

If  CH42  <  CH4s,  then  no  gas  forms  and  dissolved  methane  flux  is  equal  to 
carbon  diagenesis  flux. 

The  dissolved  methane  produced  by  carbon  diagenesis  can  either  be 
oxidized  by  bacteria  in  the  aerobic  layer,  which  then  exerts  an  oxygen 
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demand  on  the  overlying  water,  or  released  as  a  flux  to  the  water  column. 
Methane  consumes  oxygen  to  produce  CO2.  If  the  overlying  water  oxygen  is 
low,  the  methane  is  not  completely  oxidized.  Therefore,  methane  oxidation 
is  computed  according  to  Michaelis-Menten  kinetics  with  regard  to  both 
methane  and  the  oxidizing  agent,  whereas  the  oxidation  with  DO  excludes 
the  oxidation  with  sulfide  (Di  Toro  2001).  The  oxygen  consumed  by 
oxidation  of  methane  is  a  part  of  SOD  and  expressed  as 

v  (tY 

CSODcha  =  F0xchl  ^  CHA1 ,  (5.50) 

■^LOl 

Where  CSOD  represents  the  ultimate  amount  of  biodegradable  organic 
matter  oxidized  by  methane,  excluding  organic  nitrogen. 

5. 5.3.2  Analytical  solution 

Di  Toro  (2001)  provided  an  analytical  solution  that  can  be  used  to 
determine  the  SOD  consumed  by  oxidation  of  methane  and  steady-state 
flux  of  dissolved  methane.  The  oxygen  consumed  by  oxidation  of  methane 
is  computed  as  a  function  of  the  methane  saturation  in  pore  water 

CSODr„.  =  CSOD  1  - sech  ,  (5.51a) 

On  4-  max  TT7" 

^LOl  ) 

CSOD „  =  min  (ft K^CHAJ, ~  JCCHt ) ,  (5.51b) 

where 


CSODmax  =  maximum  SOD  when  all  CH4  in  layer  1  is  oxidized  (g-02  nr2  d1), 
CSODCH4  =  SOD  generated  by  CH4  oxidation  (g-02nr2  d1)- 


In  this  approach,  sediment  carbon  is  mineralized  to  produce  methane 
only.  Sediment  methane  is  only  computed  for  layer  1,  and  its  concentration 
is  computed  as 


ERDC/EL  TR-16-1 


153 


If  the  overlying  water  oxygen  is  low,  the  methane  that  is  not  completely 
oxidized  can  escape  the  sediment  into  the  overlying  water  either  as 
aqueous  flux  or  as  gas  flux.  The  dissolved  methane  flux,  which  contributes 
to  the  water  column  model,  is  computed  using  the  analytical  solution 

CH  4(d)  =  CSODZ-CSODZ .  (5.53) 

The  loss  of  sediment  methane  as  bubbles  become 

jt+At  _  jt+At  _  jt+At  4'  fC 

°  CH4(g)  ~  °  C,CH4  CH4(d)  '-'OKJ1JCH4m  V 

5.5.4  Sediment  sulfate 

Sulfate  (SO4)  reduction  is  an  important  diagenetic  process  occurring  in 
high-salinity  sediments  and  is  the  source  of  sulfide.  The  sulfide  oxidation  is 
a  large  portion  of  SOD  (Howarth  and  Jorgensen  1984);  and  therefore, 
sediment  sulfate  is  included  in  NSMII-SedFlux.  Sulfate  in  the  water  column 
is  not  modeled  and  is  computed  via  a  linear  regression  with  salinity.  The 
mass  balance  equations  of  sediment  SO4  in  layers  1  and  2  can  be  written  as 


,  dSO 4, 

h, - L  = 

dt 

(5.55a) 

0.5 DO  vh2s,d(T)fdhl  +  vh2s  p  (r)fphl 

+ 

K  K  z  1 

sH2S  iVL01 

H2S  oxidation  in  layer  1, 

+  Kl,2S04{S042-S04,) 

S04  transfer  between  layers  1  and  2 
(S042<->S04i), 

+  K,m{S04-S04]) 

S04  sediment-water  transfer  (S04i<- 
->  S04), 

h2  — — 1  =  -JCH2s  Total  POC  diagenesis  into  H2S  in  layer  2,  (5.55b) 

at 

- kli2 s04{S042- so4x)  S04  transfer  between  layers  1  and  2 

(S042<->S04i), 


where 
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S04i  =  sulfate  in  sediment  layer  i  (mg-02  L1)  (i  =  1,2), 

Jc,H2S  =  total  sediment  POC  diagenesis  flux  into  H2S  (g-02nr2  d1), 
Kli2,so4  =  sediment  sulfate  specific  mass-transfer  velocity  (m  d1)- 


Two  options  are  included  when  calculating  sediment  total  POC  diagenesis 
flux  that  is  reduced  by  sulfate  into  sulfide  and  methane:  (1)  sulfate 
penetration  thickness  and  (2)  sulfate  half-saturation  function.  The  optional 
use  of  sulfate  as  a  factor  is  meant  to  reflect  the  possibility  that  a  greater 
fraction  of  overall  sediment  POC  diagenesis  may  be  associated  with  sulfate 
reduction  if  sulfate  concentrations  are  higher.  If  users  want  to  eliminate  any 
dependency  of  sediment  diagenesis  on  sulfate,  set  the  water  column  S04  to 
zero  in  the  model  inputs.  Using  the  first  approach,  the  following  equations 
are  used  to  compute  the  sediment  POC  diagenesis  flux  reduced  by  sulfate 


J 


C,H2S 


(5.56a) 


J(:h  4  —  Jcc 


^ _ jko4 


(5.56b) 


For  mixing  zones,  sediment  POC  diagenesis  flux  is  more  appropriately 
computed  using  this  approach.  The  following  half-saturation  functions  can 
be  used  to  compute  sediment  POC  diagenesis  flux  reduced  by  sulfate 


SQ42 

C,H2S  Cc  S04  _j_  K 


(5.57a) 


sS04 


Jc,CH4  ~  ^Cc 


1  — 


SO  40 


S049+K, 


sSO  4 


(5.57b) 


where 

KsS04  =  sediment  SO4  half-saturation  constant  (mg-02  U1). 

This  function  has  been  used  in  saltwater  sediments.  Sediment  POC 
diagenesis  flux,  Jc,H2S,  results  in  dependencies  that  are  nearly  linear  when 
sediment  sulfate  concentration  is  much  less  than  Ksso4.  Conversely,  Jc,H2S 
does  not  vary  with  sulfate  if  sulfate  concentration  is  much  greater  than 

KsS04 ■ 
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Implicit  finite  difference  forms  of  above  mass  balance  equations  of  S04  are 
written  as 


auS04'+At  +  a12S04‘2+At  =  b± ,  (5.58a) 

a21S04[+At  +  a22S042+Af  =  b2  ■  (5.58b) 


Unsteady-state  solution: 


ail  -^LOl  KL12,S04  ’ 

(5.59a) 

a±2  K L±2,S04  ' 

(5.59b) 

b  =  KL01SO4l  +  vh2s,d(T)fdhl  +vh2sp(T)fphl  jjj  gt 

1  LU1  K  K  1  1 

SH2S  ^LOl 

(5.59c) 

a21  =  ^L12,SOA  ’ 

(5.59d) 

h 2 

°22  —  ~^L12,S04  T  ^  ’ 

(5.59e) 

h  =  —  S04f2  ■ 

2  A  t 

(5.59f) 

Steady-state  solution: 

a22  ~  Kl±2,SOA  ’ 

(5.60a) 

■P* 

II 

O 

(5.60b) 

5.5.5  Sediment  total  hydrogen  sulfide 

Sulfate  reduction  produces  hydrogen  sulfide  (H2S)  in  the  anaerobic  layer. 
A  portion  of  it  reacts  with  the  iron  to  form  particulate  iron  sulfide  (FeS) 
(Morse  et  al.  1987).  The  remainder  diffuses  into  the  aerobic  layer  where  a 
portion  is  oxidized  to  sulfate,  consuming  oxygen  in  the  process.  In 
addition,  particle  mixing  can  move  some  of  the  particulate  iron  sulfide  into 
the  aerobic  layer  where  it  can  be  oxidized  to  form  ferric  oxyhydroxide 
(Fe203),  again  consuming  oxygen  from  the  water  column.  The  oxidation  of 
both  dissolved  and  particulate  hydrogen  sulfides  are  modeled  in  the 
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sediment  diagenesis  module.  If  the  overlying  water  oxygen  is  low,  then  the 
sulfide  that  is  not  completely  oxidized  in  the  aerobic  layer  can  diffuse  into 
the  overlying  water.  Hydrogen  sulfides  in  sediments  may  undergo  burial 
due  to  the  sedimentation.  The  mass  balance  equations  of  sediment  total 
hydrogen  sulfide  ( TH2S )  in  layers  l  and  2  can  be  written  as 


dTH2Sl  _  _  ^  c 
h\  —  w2TH2Si 

at 

_  0.5 DO  Vh2s,d(^)fdhl  +  ^  h2s,p  (nfpH  TH  s 

K  K  21 

^sHlS  iVZ01 

+  (. fPh2TH2S2  -  fphlTH2St  ) 


KLl2 

,S04  (jdh2TH2S2  -  fdhlTH2Sx ) 


~KLJjMTH2S,  - H2S ) 


TH2S  burial  from  layer  1,  (5.61a) 


H2S  oxidation  in  layer  1  (CSODh2s), 

H2S  particulate  transfer  between 
layers  1  and  2  (PH2S2<-->PH2Si), 

H2S  dissolved  transfer  between 
layers  1  and  2  (H2S2<-->H2Si), 

H2S  sediment-water  transfer  (H2Si<- 
->H2S), 


dTH2S2  _ 

h  -  c,h2s 

(. fP„2TH2S2  -  fphlTH2S , ) 


-K, 


Xfdh2TH2S2  ~fdhlTH2Sx) 


+  w2TH2Sx 
—  w2TH2S2 


Total  POC  diagenesis  into  H2S  in  layer  2,  (5.61b) 

H2S  particulate  transfer  between  layers  1 
and  2  (PH2S2<->PH2Si), 

H2S  dissolved  transfer  between  layers  1 
and  2  (H2S2<->H2Si), 

TH2S  burial  from  layer  1, 

TH2S  burial  from  layer  2, 


where 

TH2S1  =  total  hydrogen  sulfide  in  sediment  layer  i  (mg-02  L1)  (i  =  1,  2), 
KsH2S  =  H2S  oxidation  normalization  constant  (g-02  m-3), 
fdhi,fPhi  =  dissolved  and  particulate  fractions  of  H2S  in  sediment  layer  i. 

Implicit  finite  difference  forms  of  the  above  mass  balance  equations  of 
TH2S  are  written  as 
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a±1TH2S[+At  +  a12TH2S{2+At  =  l\  , 
a21  TH2S[  a'  +  a22TH2S'2 1 A'  =  b2  , 


Unsteady-state  solution: 


Q11  ^  12 f phi  K L12SOAf dhl  "t  +  vmfdhl  + 


0.5 LX)  vl2s  JT)fdhl  +  vl2s  JT)fphl 


K , 


K, 


°12  (‘)12Jph2  K l±2,SOaJ dl 


K  =  Klo1TH2S1  , 


°21  :  2  J  ph  !  ^  /.I '?  Jdh  1  \X) 2  1 


°22  ph2  ^  L12,SOA  f dh  2  T  ^2  )  4~ 


[t2 

At 


^=^5+^^2^- 


Steady-state  solution: 


CI22  0>  .  2./'; 2  “I-  K L12  sOAf  dh2  ~0  ^2 


h  -  Tt+M 

v2  °  C,H2S  ■ 


Dissolved  hydrogen  sulfide  in  each  layer  is  computed  as 


H2St=fdntTH2St, 


f ihi 


1  +  CssiKh2si 


;  1  fphi  ■ 


(5.62a) 

(5.62b) 

,  (5.63a) 

(5.63b) 

(5.63c) 

(5.63d) 

(5.63e) 

(5.63f) 

(5.64a) 

(5.64b) 

(5.65a) 

(5.65b) 


The  oxygen  consumed  by  the  oxidation  of  hydrogen  sulfide  is  computed 
using  the  following  equation 
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csodH2S 


0.5 DO  v2h2sATVdhi  +  vL,PWfphi 

K  K 

-fVsf/2S  ^LOl 


th2s1  ■ 


(5.66) 


5.5.6  Sediment  dissolved  inorganic  carbon 

The  POC  diagenesis  in  the  anaerobic  layer  and  methane  oxidation  in  the 
aerobic  layer  produce  C02.  Sediment  denitrification  also  releases  C02.  The 
mass  balance  equations  of  sediment  dissolved  inorganic  carbon  (DIC)  in 
layers  l  and  2  can  be  written  as 


K 


dPIC , 
dt 


-Fn 


v  chA,\ 


C T f 


r\  Oxch  1  rr 

2  r  K 


CH4, 


L  01 


+ 


5x12^21^3 

4x14  K„ 


CH4  oxidation  in  layer  1  (CH4i->DICi), 


Denitrification  (Denitrification-->DICi), 


(5.67a) 


+  KLl2(DIC2-DIC1) 


DIC  transfer  between  layers  1  and  2  (DIC2<- 
->DICi), 


-  KL01  {DICl  -12000-  Die) 


DIC  sediment-water  transfer  (DICi<->DIC), 


h2 


dPIC2 

dt 


-J, 


C,CH4 


\ 

+  ^C,H2S 

J 


5x12 

4x14 


v 


no3,2 


(T)  ■  N032 


~  K U2 (DIC,  —  D!Ct) 


Carbon  diagenesis  into  DIC  in  layer  2, 

Denitrification  (Denitrification->DIC2), 

DIC  transfer  between  layers  1  and  2 
(DIC2<->DICi), 


(5.67b) 


where 

DICi  =  dissolved  inorganic  carbon  in  sediment  layer  i  (mg-C  L1). 

Sediment  DIC  is  tracked  in  units  of  mg-C  L1  for  convenience.  However, 
water  column  DIC  is  computed  using  mol  L1,  l  mol  L1  =  12000  mg-C  L1. 
Implicit  finite  difference  forms  of  above  mass  balance  equations  of  DIC  are 
written  as 


a±1DIC[+At  +  a12DIC‘2+At  =  b,  , 


(5.68a) 
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a,,  DIC\ 


+  a„DlC'At  =  b0 


(5.68b) 


Unsteady-state  solution: 


ail  KL12  KLq1  ’ 


ai2  K  1.12  ’ 


(5.69a) 

(5.69b) 


b.  = 


w*4  ,ST? 


2  r  K. 


CH  <+4'  + 


5x12  uo34(r)2 
4x14  it. 


iVC^  +  1200Klo1DIC‘  ,  (5.69c) 


°21  K  1.12  ’ 


n  _  TS~  |  2 

U22  ^L12  '  -  -  1 


At 


(5.69d) 

(5.69e) 


&2=- 


-  1  f  -i -  T  * 
u  C,CH 4  'UC,H2S 


+  ^”-,lrtN032+i-MC;.  (5.69f) 

4  x 14  At 


Steady-state  solution: 


a22  =  KL12,  (5.70a) 

£>2=0-  (5.70b) 

5.5.7  Sediment  total  inorganic  phosphorous 

The  dissolved  and  particulate  fractions  of  sediment  inorganic  phosphorus 
(TIP)  are  considered.  There  are  two  sources  of  TIP:  (l)  Phosphorus 
produced  by  decomposition  of  the  reactive  Gi  and  G2  classes  of  POP 
(POP&  and  POPG2)  in  the  anaerobic  layer  and  (2)  Phosphorus  sorbed  onto 
suspended  solids  deposited  to  benthic  sediments.  Inorganic  phosphorus  in 
sediments  may  undergo  burial  and  flux  to  the  water  column.  The  mass 
balance  equations  of  TIP  in  layers  1  and  2  can  be  written  as 

dTIP 

\ — — 1  =  -w1TIP]  TIP  burial  from  layer  1,  (5.71a) 

at 

+  ojX2{fpp2TiP2  -  fppJiP} )  TIP  particulate  transfer  between  layers  1 

and  2  (PIP2<->PIPi), 
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KL\2  (. u^tipi- fdPm ) 
~KLOl{fdpXTIPx  —  fdpTIP) 


TIP  dissolved  transfer  between  layers  1  and 
2  (DIP2<->DIPi), 

DIP  sediment-water  transfer  (DIPi<->DIP), 


h2 


dTIP2 

dt 


=  JP 


—  KL\2  (. UiTIP2  -  fdplTiP ) 


+  w2TIPx 


—  w2TIP2 

+  vsPf PPTIP 


Total  POP  diagenesis  flux  in  layer  2,  (5.71b) 

PIP  between  layers  1  and  2  (PIP2<— >PIPi), 

DIP  transfer  between  layers  1  and  2 
(DIP2<->DIPi), 

TIP  burial  from  layer  1, 

TIP  burial  from  layer  2, 

Water  column  PIP  deposition, 


where 

TIPi  =  total  inorganic  P  in  sediment  layer  i  (mg-P  L1)  (i  =  l,  2), 
fdpi,fppi  =  dissolved  and  particulate  fractions  of  inorganic  P  in  layer  i. 

Di  Toro  (2001)  incorporates  the  effect  of  oxygen  on  phosphate  flux  into  his 
model  by  making  the  dissolved  fraction  of  phosphate  a  function  of  oxygen  in 
the  water  column.  For  the  aerobic  layer,  the  partition  coefficient  of  sediment 
inorganic  phosphorous  is  adjusted  based  on  the  DO  in  the  overlying  water 
column  and  compared  with  a  critical  concentration,  DOc.  When  the  oxygen 
in  water  increases  above  a  critical  threshold,  the  partition  coefficient  for 
inorganic  phosphorous  is  increased  by  a  user-entered  factor.  As  the  oxygen 
goes  to  zero,  the  partition  coefficient  is  smoothly  reduced  to  the  anaerobic 
coefficient  by  using  an  exponential  function 

kdpoAl  =  kdpo42(AkP04l)  ’  DO>DOc,  (5.72a) 


Vdpo 41 


=  k. 


dpo  42 


(A k 


\DO/DOc 
P041  J 


DO  <  DO,, 


(5.72b) 
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where 

Akpo4,i  =  incremental  partition  coefficient  of  inorganic  P  in  aerobic 
layer. 

Implicit  finite  difference  forms  of  above  mass  balance  equations  of  TIP  are 


written  as 

a±1TIPl+At  +  a12TIP2+At  =  b,  , 

(5.73a) 

a21TIPl+At  +  a22TIP2+At  =  b2  ■ 

(5.73b) 

Unsteady-state  solution: 

ail  ^±2.fpp±  L±2.f  dp±  ^2  K LO±f dp±  ' 

(5.74a) 

&12  pp?.  K  L±2.f dp2.  ' 

(5.74b) 

K  =  KLJlrlTIP'  , 

(5.74c) 

^21  ^±2-f pp±  K L±2.f dp±  kU 2  i 

(5.74d) 

a22  ~  (^12*/pp2  KL12fdp2  ^2  )  1 

(5.74e) 

b2  =  j';ai + vsfppTipt + ^tip;  . 

(5.74f) 

Steady-state  solution: 

a22  ^12./pp2  K L±zf dp2  ^2  9 

(5.75a) 

h=J'r+vJJIP:. 

(5.75b) 

Dissolved  inorganic  phosphorous  ( DIPi )  in  each  layer  is  computed  as 


DIP{  —  fdpoaiTIPi  i 


(5.76a) 
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1  +  CssiKpoAi 


i-fppr 


(5.76b) 


5.5.8  Sediment  dissolved  silica 


Sediment  dissolved  silica  (DSi)  will  be  included  in  NSMII-SedFlux  as  a 
state  variable  if  the  silica  cycle  is  simulated  for  the  water  column.  DSi  is 
produced  when  biogenic  silica  breaks  down  due  to  dissolution.  Silica  in 
sediments  may  undergo  burial  and  flux  to  the  water  column.  The  mass 
balance  equations  of  sediment  total  silica  (Si)  in  layers  l  and  2  can  be 
written  as 


,  dSix 

t\ - =  -w2Sit 

dt 


ojM'Ps2Sh-  fP^Si2) 


+  KL12  (fdslSU  ~  fds\Sh  ) 

~Kni:(fh.Si]-DSi) 


Silica  burial  from  layer  1,  (5.77a) 

Silica  particulate  transfer  between  layers  1 
and  2  (PSi2<->PSii), 

Silica  dissolved  transfer  between  layers  1 
and  2  (DSi2<->DSii), 

Silica  sediment-water  transfer  (DSii<~ 

>  DSi), 


,  dSi1 

h2 - -  =  .7,. 

-  dt 


-o\2{fps2Si2-fpslSi,) 


~  K lAli/cl^h  ~fds\Si\) 


+  w2Sil 


—  w2Si2 


BSi  dissolution  in  layer  2,  (5.77b) 

Silica  particulate  between  layers  1  and  2 
(PSi2<— >  PSii), 

Silica  dissolved  between  layers  1  and  2 
(DSi2<-->DSii), 

Silica  burial  from  layer  1, 

Silica  burial  from  layer  2, 


where 


Sii  =  silica  in  sediment  layer  i  (mg-Si  L1)  (i  =  l,  2), 
fdsii,fpsii  =  dissolved  and  particulate  fractions  of  Si  in  layer  i  (i  =  1,  2). 
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Similar  to  inorganic  phosphorous,  DO  affects  the  sediment -water  flux  of 
silica.  The  sediment  partition  coefficient  of  silica  in  layer  l  is  adjusted 
based  on  overlying  water  column  DO  and  compared  with  a  critical 
concentration,  DOc. 

kdsii=kdsi2{Aksii)’  DO>DOc, 

1  1  t  *  7  \DO/DOc 

kdsil  =  kdsi2{Aksil)  ’  DO  <  DOc , 

where 

Aksii  =  incremental  partition  coefficient  of  sediment  Si  in  aerobic  layer. 

Implicit  finite  difference  forms  of  above  mass  balance  equations  of 
sediment  Si  are  written  as 


<x, Si[  At  +  a12Si2+At  =  b±  , 

(5.79a) 

a21  Si[  Al  +  a22Si2+At  =  b2  ■ 

(5.79b) 

Unsteady-state  solution: 

ail  psi±  K L±?f dsi±  ~  1  ^2  "t"  K  LO±f dsil  ’ 

(5.80a) 

®12  1  -  iJ  psi  2  ^  L 1  ’ 

(5.80b) 

l\  =  KL01DSf  , 

(5.80c) 

®21  ^  ]  if  psi  )  ^  1  1  .  './i/s/  1  Ud2  ! 

(5.80d) 

Q22  —  «l2/pS,2  T  K  1.12  fd si 2  T  ^2  T  ^  ’ 

(5.80e) 

(5.800 

Steady-state  condition: 

a22  (<}■  yj'rsiy  +  ^  /  1  2./'/:,-/2  +  IV2  ! 


(5.78a) 

(5.78b) 


(5.81a) 
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b2=jfs;At.  (5.81b) 

Initial  sediment  dissolved  silica  in  layers  l  and  2  is  first  converted  into 
total  concentration  for  solving  sediment  silica.  Dissolved  silica  ( DSi )  in 
each  layer  is  computed  as 


»Si,=frlsuSi,, 


f isii 


1-/™, 


I  if  b  ~  PSU’ 
1  '  ^ssi^dSii 


(5.82a) 

(5.82b) 


where 

DSii  =  dissolved  silica  in  sediment  layer  i  (mg-Si  L'1). 

5.6  Sediment-Water  Flux 

Sediment-water  fluxes  of  the  following  state  variables  are  computed  from 
the  sediment  diagenesis  module.  The  flux  may  be  in  either  direction  across 
the  sediment -water  interface,  depending  on  the  concentration  gradient. 
Positive  fluxes  are  from  benthic  sediment  to  the  water  column.  Negative 
fluxes  are  from  the  water  column  to  sediments.  These  fluxes  will  be 
incorporated  into  the  appropriate  source  and  sink  equations  of  water 
column  state  variables  and  substitute  user-specified  sediment  release  rates 
in  NSMII. 

•  Ammonium  (NH4) 

•  Nitrate  (NO3) 

•  Inorganic  Phosphorous  (TIP) 

•  Dissolved  Inorganic  Carbon  (DIC) 

•  Methane  (CH4) 

•  Dissolved  Sulfide  (HxS) 

•  Dissolved  Silica  (DSi) 

•  Dissolved  Oxygen  (DO) 

5.6.1  Ammonium 

The  sediment-water  flux  of  NH4  is  internally  computed  as  the  product  of 
concentration  difference  between  the  water  column,  sediment  layer  1,  and 
the  mass  transfer  coefficient  when  the  sediment  diagenesis  module  is 
activated.  The  internal  source  and  sink  equation  for  NH4  in  the  water 
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column  (equation  4.26)  is  modified  to  include  the  sediment-water  flux  of 
NH4  from  the  sediment  diagenesis  module 


ON  HA 
dt 


-J2PNpi^TXaiApi 

i 


+  ^  FOxbKbrnbAbFb 

1 

-^Pv,ONllhAbFwFh 

+  ^{fdnlTNHA1-NHA) 


(5.83) 


5.6.2  Nitrate 

Sediment  denitrification  is  set  to  zero  when  the  sediment  diagenesis 
module  is  activated,  because  denitrification  in  the  sediment  layer  is 
tracked  within  the  sediment  diagenesis  module.  The  internal  source  and 
sink  equation  for  NO3  in  the  water  column  (equation  4.27)  is  modified  to 
account  for  the  sediment  flux  of  NO3  to  the  overlying  water. 


ONO  3 
dt 


-^1~P^Pp^TKaAPi 

i 


-\(±-PNb)PbrnbAbFWFb 

+  ^^(N031-N03) 
h 


(5.84) 
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5.6.3  Total  inorganic  phosphorus 

The  internal  source  and  sink  equation  for  TIP  in  the  water  column 
(equation  4.32)  is  modified  to  include  the  sediment-water  flux  of  DIP 
from  the  sediment  diagenesis  module. 


dTIP 

dt 


DO 

KOxmp  +  D0 


kdop(T)DOP 


V 

— V-f  TIP 
h  Jpp 

3 

+  Y,FomKvi(T)rpaiApi 
i 
3 

-E  ^TKiAPi 

i 

+  F0xb K-b  (T)rpbAbFh 

-^Pb(TKbAFwFb 

+  ^(fdpJIP,~fdpTIP) 


(5.85) 


5.6.4  Dissolved  inorganic  carbon 

The  internal  source  and  sink  equation  for  DIC  in  the  water  column 
(equation  4.40)  is  modified  to  include  the  sediment-water  flux  of  DIC 
from  the  sediment  diagenesis  module. 


12-103  — =  12kac(T)(l0-3kH(T)pCO2-103Fco2D7C) 

+ct^Ct,*D0C 

+CT^(t)1D0C 

3 

+  Y.FoxpiKPiA)rcaiApi 
i 
3 

i 

+  jiFoxbKb(T>cbAhFb 


(5.86) 
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1 

h 


AAcbAbFb 


+— E — — — 

roc  KsOxbodi  +  DO 


KodfiBOD; 


12 


DO 


64  KsOch4  +  DO 


kchAT)CHA 


K 


L  01 


DIC,  -12  10 3  DIC 


5.6.5  Methane 

The  internal  source  and  sink  equation  for  dissolved  methane  in  the  water 
column  (equation  4.43)  is  modified  to  include  the  sediment-water  flux  of 
CH4  from  the  sediment  diagenesis  module. 


dCH  4 
dt 


=  -khAT)CH4 


DO 


+  : 


FsOch4  +  DO 

K 


kchAT)CH4 


L01 


CH4,  -CH4 ) 


(5.87) 


5.6.6  Total  dissolved  sulfides 

The  internal  source  and  sink  equation  for  HxS  in  the  water  column 
(equation  4.44)  is  modified  to  include  the  sediment-water  flux  of  H2S 
from  the  sediment  diagenesis  module. 


OHxS 

dt 


Kh2s(T)H2S 


DO 


K. 


sOhs 


kt 


+  DO 

(H2S± 


khs(T)-HS 

- h2s ) 


(5.88) 


5.6.7  Dissolved  silica 

The  internal  source  and  sink  equation  for  DSi  in  the  water  column 
(equation  4.51)  is  modified  to  include  the  sediment-water  flux  of  DSi  from 
the  sediment  diagenesis  module. 
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dDSi 


dt 


(1 2 3-Fbsi)J2kdpi(T>sia,APi 


+KAt)- 


BSi 


Hsi' 

3 


Kssi  +  BSi 
+  Y,FOxpiKrATXicnA, 


(Si-DSi) 


(5.89) 


PI 


-J2Frn(T>siaiApi 


Kr 


[DSL  - DSi ) 


5.6.8  Dissolved  oxygen 

When  the  sediment  diagenesis  module  is  activated,  SOD  becomes  a 
function  of  specific  chemical  reactions  that  follow  the  decomposition  of 
organic  matter.  The  processes  affect  SOD  are  the  oxidation  of  methane, 
sulfide  and  the  nitrification.  SOD(T)  in  the  source  and  sink  equation  for 
DO,  equation  4.47,  will  be  internally  computed  instead  of  user  specified. 

5.7  Sediment  Oxygen  Demand  and  Numerical  Solution 

5.7.1  Sediment  oxygen  demand 

Within  the  aerobic  layer,  the  diagenetic  products  undergo  oxidation  that 
consumes  diffused  oxygen  from  the  water  column,  thereby  exerting  SOD 
on  the  overlying  water  column.  SOD  is  computed  by  summing  all 
processes  that  consume  oxygen,  including  ammonium,  sulfide  and 
methane.  Carbonaceous  SOD  (CSOD)  consists  of  CSODms  and  CSODCH4. 


SOD  =  CSOD  +  NSOD  =  CSODCH4  +  CSODH2S  +  NSOD  ■  (5.90) 


The  SOD  and  the  surface  transfer  rate  ( Kloi )  are  computed  in  NSMII- 
SedFlux  through  the  following  procedure. 

1.  Compute  the  diagenesis  fluxes  at  t  +  At:  J'^ ,  ,  JpAl,  JgSf . 

2.  Define  an  initial  estimate  of  SOD: 

sod !  =  rocj‘c+At  + 1.7 14./;; Af  (5.91) 


3.  Compute  Kloi  using 
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K 


Z01 


SOD ! 
DO* 


(5.92) 


4.  Compute  sediment  concentration  at  t  +  At  using  equation  5.31a,  b  for 
NH4, 5.38a,  b  for  NO3, 5-45a,  b  for  CH4, 5.61a,  b  for  H2S. 

The  finite  difference  equations  are  solved  using  an  implicit  numerical 
scheme  for  the  unknown  concentration  at  t  +  At  through  the  following 
matrix  solution. 


5.  Compute  the  CSOD  and  NSOD  using  equation  5.49  and  5.65,  5.36 
respectively. 

6.  Compute  an  updated  SOD  using  the  following  weighted  average. 


SOD  = 


SOD !  +CSODt+At  +  NSOD1 1 A' 
2 


(5.93) 


7.  Check  the  convergence  by  calculating  an  approximate  relative  error  (ea) 


£ 


a 


SOD -SOD* 
SOD 


x!00% 


(5.94) 


If  £a  >  Ss,  a  user-specified  criterion,  then  set  SOD '  =  SOD  and  return  to 
step  2. 

If  £a  <  Ss  convergence  is  adequate,  then  compute  the  sediment  DIC, 
TIP,  and  DSi  concentrations  using  equations  5.67a,b;  5.72a, b;  and 
5-78a,b  based  on  the  matrix  solutions. 

8.  Compute  the  sediment-water  fluxes  of  NH4,  NO3,  TIP,  DIC,  CH4,  HxS, 
and  DSi. 

9.  Compute  updated  source  and  sink  terms  for  the  water  column’s  NH4, 
NO3,  TIP,  DIC,  CH4,  HxS,  and  DSi  by  using  corresponding  rate  equations 
5.82, 5.83, 5.84, 5.85,  5.86, 5.87  and  5.88. 

5.7.2  Matrix  solution 

The  mass  balance  equations  of  inorganic  substances  for  layer  1  and  layer  2 
include  two  unknown  variables.  These  equations  are  written  in  their 
general  forms  as 
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a11x1  T  o.22x2  —  b2 , 

(5.95a) 

a21x1  -f  a22x2  =  b2 . 

(5.95b) 

The  above  equations  are  solved  using  a  matrix  solution  provided  by  Chapra 
and  Canale  (2006). 


x 


1 


d-2  2  CI^2  ^2 

™L1^22  ^12^21 


(5.96a) 


x2 


^11^22  ^12^21 


(5.96b) 


5.8  Sediment  Diagenesis  Parameters 

Table  33  summarizes  sediment  diagenesis  input  parameters  with  their 
associated  default  values.  These  parameters  and  coefficients  are  compiled 
from  Di  Toro  (2001)  and  Martin  and  Wool  (2012).  The  first  group  includes 
global  parameters  and  the  second  group  includes  all  parameters  associated 
with  layer  1.  The  third  group  contains  parameters  related  to  the  diagenesis 
in  layer  2.  POC,  PON,  or  POP  in  the  settled  material  must  be  assigned  by  a 
fraction  to  the  three  reactivity  classes  (Gi  to  G3).  The  temperature 
dependent  coefficients  are  specified  at  20  °C.  Di  Toro  (2001)  noted  some 
of  sediment  diagenesis  coefficients  frequently  required  revision.  This  table 
will  be  repeated  for  each  water  quality  region,  allow  the  user  to  define  the 
different  values  for  input  parameters. 
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Table  33.  Sediment  diagenesis  parameters  and  coefficients  with  default  values. 


Symbol 

Definition 

Units 

Default 

Value8 

Reference 

Range0 

Temperature 

Dependent 

Global  Parameters 

hi 

Sediment  layer  thickness 

m 

0.01 

0.001  - 
1.0 

Dd(T) 

Sediment  pore-water  diffusion  coefficient 

m2  d'1 

0.0025 

0.0005  - 
0.005 

Yes 

1.08 

Dp(T) 

Sediment  particle  mixing  diffusion  coefficient 

m2  d'1 

0.00006 

n/a 

Yes 

1.117 

KsDp 

Half-saturation  oxygen  constant  for  sediment 
particle  phase  mixing 

mg-02  L1 

4.0 

n/a 

POCr 

Reference  sediment  POC  for  bioturbation 

mg-C  g1 

0.1 

n/a 

S04 

Overlaying  freshwater  S04 

mg-02  L1 

9.14b 

n/a 

£no 

Maximum  iterations  of  numerical  solution 

unitless 

50 

n/a 

£s 

Relative  error  of  numerical  solution 

unitless 

0.001 

n/a 

Sediment  Layer  1 

o 

o 

Q 

Critical  O2  for  incremental  sorption 

mg-02  L'1 

2.0 

n/a 

Akpcwi 

Incremental  inorganic  P  partition  coeff. 

unitless 

20 

20  -  300 

Aksn 

Incremental  Si  partition  coefficient 

unitless 

20 

10  -  100 

Vch4,l(T) 

CH4  oxidation  transfer  velocity 

m  d-1 

0.7 

n/a 

Yes 

1.079 

Vh2s,d(T) 

Dissolved  H2S  oxidation  transfer  velocity 

m  d-1 

0.2 

n/a 

Yes 

1.079 

Vh2s,p(T) 

Particulate  H2S  oxidation  transfer  velocity 

m  d-1 

0.4 

n/a 

Yes 

1.079 

ksH2S 

H2S  oxidation  normalization  constant 

mg-02  L1 

4.0 

n/a 

KsOxch 

Half-saturation  oxygen  constant  for  CH4 
oxidation 

mg-02  L1 

0.1 

n/a 

Vnh4,l(T) 

Nitrification  transfer  velocity 

m  d1 

0.1313 

0.13  -  0.2 

Yes 

1.123 

KsOxnal 

Half-saturation  oxygen  constant  for 
nitrification 

mg-02  L1 

0.37 

n/a 

KsNh4 

Half-saturation  NH4  constant  for  nitrification 

mg-N  L1 

0.728 

n/a 

Vno3,l(T) 

Denitrification  transfer  velocity 

m  d-1 

0.2 

0.2  -  1.25 

Yes 

1.08 

Cssl 

Solids  concentration 

kg  L1 

0.5 

0.2  -  1.2 

Sediment  Layer  2 

Fapi 

Fraction  of  algae  deposit  into  sediment  G1 

unitless 

0.6 

0  -  1.0 

FaP2 

Fraction  of  algae  deposit  into  sediment  G2 

unitless 

0.2 

0  - 1.0 

Fabi 

Fraction  of  dead  benthic  algae  into  sediment 
G1 

unitless 

0.6 

0  -  1.0 

F AB2 

Fraction  of  dead  benthic  algae  into  sediment 
G2 

unitless 

0.2 

0  - 1.0 

Frpoci 

Fraction  of  RPOC  deposit  into  sediment  POC 

G1 

unitless 

0.0 

0  -  1.0 

F RPOC2 

Fraction  of  RPOC  deposit  into  sediment  POC 

G2 

unitless 

0.5 

0  - 1.0 

Frponi 

Fraction  of  RPON  deposit  into  sediment  PON 
G1 

unitless 

0.0 

0  -  1.0 
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FrpON2 

Fraction  of  RPON  deposit  into  sediment  PON 
G2 

unitless 

0.6 

0  - 1.0 

Frpopi 

Fraction  of  RPOP  deposit  into  sediment  POP 

G1 

unitless 

0.0 

0  -  1.0 

F RPOP2 

Fraction  of  RPOP  deposit  into  sediment  POP 

G2 

unitless 

0.5 

0  - 1.0 

Kpocgi(T) 

Diagenesis  rate  of  sediment  POC  G1 

d-1 

0.035 

n/a 

Yes 

1.1 

Kp0CG2(T) 

Diagenesis  rate  of  sediment  POC  G2 

d-1 

0.0018 

n/a 

Yes 

1.15 

Kpongi(T) 

Diagenesis  rate  of  sediment  PON  G1 

d-1 

0.035 

n/a 

Yes 

1.1 

Kp0NG2(T) 

Diagenesis  rate  of  sediment  PON  G2 

d-1 

0.0018 

n/a 

Yes 

1.15 

Kpopgi(T) 

Diagenesis  rate  of  sediment  POP  G1 

d'1 

0.035 

n/a 

Yes 

1.1 

Kp0PG2(T) 

Diagenesis  rate  of  sediment  POP  G2 

d-1 

0.0018 

n/a 

Yes 

1.15 

kdnM2 

NPI4  partition  coefficient 

L  kg 1 

1.0 

n/a 

kdh2s2 

PI2S  partition  coefficient 

L  kg 1 

100 

n/a 

Denitrification  transfer  velocity 

m  d-1 

0.25 

n/a 

Yes 

1.08 

kdpo42 

Inorganic  P  partition  coefficient 

Lkg1 

20 

20  -  1000 

BSi  dissolution  rate 

d-1 

0.5 

n/a 

Yes 

1.10 

Plalf-saturation  Si  constant  for  dissolution 

mg-Si  L1 

50000 

n/a 

Si  partition  coefficient 

Lkg1 

100 

n/a 

Decay  rate  of  sediment  benthic  stress 

d-1 

0.03 

n/a 

S04  half-saturation  constant  for  reduction 

mg-02  L1 

0.0032 

n/a 

Solids  concentration 

kg  L1 

0.5 

0.2  -  1.2 

W2 

Sediment  burial  rate 

cm  yr1 

0.25 

0.25  - 
0.75 

a.  Di  Toro  (2001)  and  Martin  and  Wool  (2012) 

b.  Morel  and  Hering  (1993). 

c.  HydroQual  (2004). 


5.9  Sediment  Diagenesis  Outputs 

This  section  describes  the  model  outputs  associated  with  the  sediment 
diagenesis  simulation.  The  NSMII-SedFlux  outputs  include  the 
concentrations  of  state  variables  listed  in  Table  32.  Derived  sediment 
variables  and  the  pathway  fluxes  can  also  be  reported  in  model  outputs. 

5.9.1  Derived  variables 

Table  34  lists  the  eight  derived  variables  computed  in  NSMII-SedFlux. 
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Table  34.  Derived  benthic  sediment  variables  computed  in  sediment  diagenesis. 


Variable 

Layer 

Definition 

Units 

H2S1 

1 

Sediment  dissolved  hydrogen  sulfide 

mg-Ch  L1 

DIPi 

1 

Sediment  dissolved  inorganic  phosphorous 

mg-P  L1 

H2S2 

2 

Sediment  dissolved  hydrogen  sulfide 

mg-02  L-1 

DIP2 

2 

Sediment  dissolved  inorganic  phosphorous 

mg-P  L1 

POC2 

2 

Sediment  particulate  organic  carbon 

mg-C  L1 

POM2 

2 

Sediment  particulate  organic  matter 

mg-D  L1 

PON2 

2 

Sediment  particulate  organic  nitrogen 

mg-N  L1 

POP2 

2 

Sediment  particulate  organic  phosphorous 

mg-P  L-1 

The  sediment  concentration  of  particulate  organic  matter  is  the  sum  of  the 
contribution  of  the  three  G  classes 


POC2=£pOCgj3, 


POM „ 


POC2 

f 

J  com 


PON2  =  y  ponGJ  2  , 


pop2=Y,popGJi2. 


(5.96a) 


(5.96b) 

(5.96c) 

(5.96d) 


5.9.2  Pathway  fluxes 

Table  35  provides  a  summary  of  pathways  and  additional  variables  that 
can  be  reported  in  NSMII-SedFlux  outputs. 


Table  35.  Pathway  fluxes  and  additional  variables  computed  in  sediment  diagenesis. 


Name 

Definition 

Units 

Carbon  Diagenesis 

JPOC.GI 

Total  deposition  to  sediment  POC  G1 

g-C/m2/d 

JP0C,G2 

Total  deposition  to  sediment  POC  G2 

g-C/m2/d 

JP0C,G3 

Total  deposition  to  sediment  POC  G3 

g-C/m2/d 

POCGI2  diagenesis 

Sediment  POC  G1  diagenesis 

g-C/m2/d 

P0CG22  diagenesis 

Sediment  POC  G2  diagenesis 

g-C/m2/d 
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Name 

Definition 

Units 

POCGI2  burial 

Sediment  POC  G1  burial 

g-C/m2/d 

P0CG22  burial 

Sediment  POC  G2  burial 

g-C/m2/d 

POC2  diagenesis 

Sediment  POC  diagenesis 

g-C/m2/d 

POC2  denitrification 

Sediment  POC  consumed  by  denitrification 

g-02/m2/d 

P0C2->CH42 

Sediment  POC  diagenesis  into  CH4 

g-02/m2/d 

P0C2->H2S2 

Sediment  POC  diagenesis  into  H2S 

g-02/m2/d 

CH4S 

Saturated  methane 

g-02/m3 

CH4i->CS0D 

CH4  oxidation  from  layer  1 

g-02/m2/d 

CH4i<->CH4 

CH4  sediment-water  transfer 

g-02/m2/d 

CH42-->Gas 

CH4  gas  loss  from  layer  2 

g-02/m2/d 

S04i<->S04 

S04  sediment-water  transfer 

g-02/m2/d 

S042<-->S04i 

S04  dissolved  transfer  between  layers  1  and  2 

g-02/m2/d 

H2Si->CS0D 

H2S  oxidation  from  layer  1 

g-02/m2/d 

H2Si<->H2S 

H2S  sediment-water  transfer 

g-02/m2/d 

TH2S1  burial 

H2S  burial  from  layer  1 

g-02/m2/d 

H2S2<-->H2Sl 

H2S  dissolved  transfer  between  layers  1  and  2 

g-02/m2/d 

PH2S2<->PH2Si 

H2S  particulate  transfer  between  layers  1  and  2 

g-02/m2/d 

TH2S2  burial 

H2S  burial  from  layer  2 

g-02/m2/d 

POC2<->DIC2 

Sediment  POC  diagenesis  into  CO2 

g-C/  m2/  d 

DICi<->DIC 

DIC  sediment-water  flux 

g-C/m2/d 

DIC2<->DICi 

DIC  transfer  between  layers  1  and  2 

g-C/m2/d 

N03i  denitrification  - 
->DICi 

DIC  produced  by  denitrification  from  layer  1 

g-C/m2/d 

N032  denitrification  - 
->DIC2 

DIC  produced  by  denitrification  from  layer  2 

g-C/m2/d 

Nitrogen  Diagenesis 

JPON.GI 

Total  deposition  to  sediment  PON  G1 

g-N/m2/d 

JP0N,G2 

Total  deposition  to  sediment  PON  G2 

g-N/m2/d 

JP0N,G3 

Total  deposition  to  sediment  PON  G3 

g-N/m2/d 

PONGI2  burial 

Sediment  PON  G1  burial 

g-N/m2/d 

P0NG22  burial 

Sediment  PON  G2  burial 

g-N/m2/d 

P0NG12->NH42 

Sediment  PON  G1  diagenesis 

g-N/m2/d 

P0NG22->NH42 

Sediment  PON  G2  diagenesis 

g-N/m2/d 

PON2  diagenesis 

Sediment  PON  diagenesis 

g-N/m2/d 

NH4i<->NH4 

NH4  sediment-water  transfer 

g-N/m2/d 

TNH4i->TNH42 

NH4  buried  from  layer  1 

g-N/m2/d 

NH4i->N03i 

NH4  nitrification  in  layer  1 

g-N/m2/d 

PNH42<->PNH4i 

NH4  particulate  transfer  between  layers  1  and  2 

g-N/m2/d 

NH42<->NH4i 

NH4  dissolved  transfer  between  layers  1  and  2 

g-N/m2/d 

TNH42  burial 

NH4  burial  from  layer  2 

g-N/m2/d 
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Name 

Definition 

Units 

N03i<->N03 

N03  sediment-water  transfer 

g-N/m2/d 

N03i  denitrification 

N03  denitrification  in  layer  1 

g-N/m2/d 

N032<->N03i 

N03  transfer  between  layers  1  and  2 

g-N/m2/d 

N032  denitrification 

N03  denitrification  in  layer  2 

g-N/m2/d 

Phosphorous  Diagenesis 

JpOP.Gl 

Total  deposition  to  sediment  POP  G1 

g-P/m2/d 

JpOP,G2 

Total  deposition  to  sediment  POP  G2 

g-P/m2/d 

JpOP,G3 

Total  deposition  to  sediment  POP  G3 

g-P/m2/d 

PIP->PIP2 

PIP  deposition  to  sediment  PIP 

g-P/m2/d 

P0PG12  burial 

Sediment  POP  G1  burial 

g-P/m2/d 

P0PG22  burial 

Sediment  POP  G2  burial 

g-P/m2/d 

P0PG12~>DIP2 

Sediment  POP  G1  diagenesis 

g-P/m2/d 

P0PG22->DIP2 

Sediment  POP  G2  diagenesis 

g-P/m2/d 

P0P2  diagenesis 

Sediment  POP  diagenesis 

g-P/m2/d 

DIPi<— >DIP 

DIP  sediment-water  transfer 

g-P/m2/d 

TIPi~>TIP2 

TIP  burial  from  layer  1 

g-P/m2/d 

PIP2<->PIPi 

PIP  transfer  between  layers  1  and  2 

g-P/m2/d 

DIP2<->DIPi 

DIP  transfer  between  layers  1  and  2 

g-P/m2/d 

TIP2  burial 

TIP  burial  from  layer  2 

g-P/m2/d 

Silica  Diagenesis 

J  BSi 

Total  deposition  to  sediment  BSi 

g-Si/m2/d 

BSi2  burial 

Sediment  BSi  burial 

g-Si/m2/d 

BSi2  dissolution 

Sediment  BSi  dissolution 

g-Si/m2/d 

DSii<-->DSi 

Si  dissolved  sediment-water  transfer 

g-Si/m2/d 

Si  i — >Si2 

Si  burial  from  layer  1 

g-Si/m2/d 

PSi2<— >PSii 

Si  particulate  transfer  between  layers  1  and  2 

g-Si/  m2/  d 

DSi2<-->DSii 

Si  dissolved  transfer  between  layers  1  and  2 

g-Si/m2/d 

Si2  burial 

Si  burial  from  layer  2 

g-Si/  m2/  d 

Additional  Variables 

SOD 

Sediment  oxygen  demand 

mg-02/L/d 

ff>i2 

Sediment  particle  mass  transfer  velocity 

m/d 

Kli2 

Sediment  dissolved  mass  transfer  velocity 

m/d 

Kloi 

Sediment-water  transfer  velocity 

m/d 
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6  Integrating  Water  Quality  Modules  into 
Hydrologic  Engineering  Center-River 
Analysis  System  (HEC-RAS) 

The  water  quality  modules  that  have  been  developed  include  several  DLLs 
(TEMP,  NSMI,  and  NSMII).  These  modules  have,  and  will  be  integrated 
into  a  variety  of  Hydrologic  and  Hydraulic  (H&H)  models.  H&H  models 
vary  considerably  in  the  way  they  store  spatial  variables  such  as  flow 
outputs,  the  manner  they  process  the  transport  terms,  and  solving  relevant 
differential  equations.  This  chapter  focuses  on  a  framework  for  integrating 
“plug  in”  water  quality  modules  into  l-D  HEC-RAS  wherein  the  HEC-RAS 
is  used  to  describe  the  physical  processes  of  advection  and  dispersion,  and 
when  the  water  quality  module  is  used  to  quantify  speciation,  reactions 
and  transformations.  The  model  integration  approach  and  mechanisms  we 
developed  here  are  applicable  to  other  H&H  models. 

6.1  HEC-RAS 

HEC-RAS  is  an  industry  standard  hydraulic  tool  that  is  used  worldwide.  It 
is  designed  to  perform  l-D  hydraulic  simulation  for  a  full  network  of  open 
channels  and  a  wide  variety  of  hydraulic  structures,  such  as  bridges, 
culverts,  spillways,  and  weirs.  The  HEC-RAS  system  contains  five 
components  (HEC  2010a):  (l)  l-D  steady  flow  water  surface  profile 
computations,  (2)  l-D  unsteady  flow  simulation,  (3)  lD  unsteady  flow 
simulation,  (4)  movable  boundary  sediment  transport  computations,  and 
(5)  water  quality  analysis  through  “plug  in”  water  quality  modules.  All  five 
components  use  a  common  geometric  data  representation  and  common 
geometric  and  hydraulic  computation  routines.  In  HEC-RAS,  its  graphical 
user  interface  (GUI)  standardizes  many  aspects  of  data  entry,  facilitates  an 
efficient  display  of  model  results,  data  checking,  data  conversion,  and 
communication  between  model  subcomponents.  The  latest  HEC-RAS 
model  can  be  freely  accessed  and  downloaded  from  the  HEC  website: 
http://www.hec.usace.armv.mit.  Water  quality  modules  have  been  integrated  with 
only  a  l-D  flow  computation  engine. 

It  is  useful  to  first  present  the  fundamental  model  that  will  be  used  to 
compute  the  hydraulic  information  required  for  simulating  water  quality. 
The  l-D  unsteady  flow  component  uses  a  numerical  solution  derived  from 
the  complete  equations  of  gradually  varied  unsteady  flow,  commonly 
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referred  to  as  the  Saint  Venant  equations.  The  mass  and  momentum 
equations  that  govern  the  unsteady  flow  are  given  as  (HEC  2010b): 


dA  dQ 

—  H — —-q,  =  0, 

dt  dx  1 


(6.1a) 


dA 

dt 


dQ 

dx 


gA 


=  0, 


(6.1b) 


where 

Q  =  volumetric  flow  rate, 

A  =  channel  cross-sectional  flow  area, 
x  =  distance  along  channel, 
qi  =  lateral  inflow  per  unit  length  of  channel, 
z  =  elevation  of  the  water  surface, 

Sf  =  friction  slope, 
g  =  gravitational  acceleration. 

To  solve  the  above  equations,  the  required  input  data  include  channel 
network  connectivity,  cross-section  geometry,  reach  lengths,  energy  loss 
coefficients,  stream  junction  information,  and  hydraulic  works  data.  Cross 
sections  are  required  at  representative  locations  throughout  the  reach  and 
at  locations  where  changes  in  discharge,  slope,  shape,  or  roughness  occur. 
Boundary  conditions  are  necessary  to  define  discharge  and  water  depth  at 
the  system  endpoints,  (i.e.  upstream  and  downstream).  Lateral  inflows  can 
also  be  prescribed  in  the  model. 

The  HEC-RAS  model  solves  the  mass  conservation  and  momentum 
conservation  equations  with  an  implicit  linearized  system  of  equations 
using  Preissman’s  second-order  box  scheme  (HEC  2010b).  The  state 
variables  for  the  numerical  scheme  are  flow  and  stage,  which  are 
computed  and  stored  at  each  cross  section. 

6.2  Model  Integration 

A  seamless  internal  coupling  of  the  l-D  HEC-RAS  and  “plug  in”  DLLs  is 
implemented  for  performing  water  quality  analysis.  Figure  19  shows  an 
overview  of  the  model  integration.  The  NSMs  and  its  supporting  water 
quality  modules  define  standard  functions  and  interfaces  that  allow  HEC- 
RAS  to  make  data  calls  from  each  DLL.  The  DLL  obtains  water- quality- 
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specific  parameters  and  hydraulic  information  from  the  HEC-RAS  GUI 
and  performs  the  kinetics  computation  for  each  state  variable.  HEC-RAS 
obtains  source  and  sink  terms  from  the  water  quality  module  and 
performs  the  transport  and  mass  balance  computation  for  each  cell  and 
each  state  variable.  Note  that  HEC-RAS  has  the  control  over  the  initial  and 
boundary  conditions.  The  DLL  returns  the  state  variables,  derived 
variables,  and  pathways  to  HEC-RAS  for  model  outputs. 

Figure  19.  HEC-RAS  integrated  with  “plug  in”  water  quality 
modules. 

Inputs:  Parameters,  Initial 
conditions,  Boundary  conditions 


6.2.1  Transport  of  water  quality  constituents 

Contaminant  inputs  to  streams  vary  in  time  and  space.  Inputs  can  be  both 
point  sources,  such  as  sewage  outfalls,  or  more  widely  distributed,  non¬ 
point  sources.  Contaminant  may  reach  the  stream  network  at  the  surface 
and  via  the  subsurface.  Regardless  of  the  source  type,  the  processes  of 
transport  and  biogeochemical  reactions  control  the  spatial  and  temporal 
distributions  of  constituent  concentrations  and  loads  (as  the  product  of 
discharge  and  concentration)  throughout  stream  networks.  Further,  the 
transport  of  constituents  occurs  in  several  processes  simultaneously.  The 
transport  of  contaminants  in  surface  water  is  generally  described  with  the 
advection-dispersion  equation,  or  appropriate  modifications.  The 
constituent  transport  model  included  in  l-D  HEC-RAS  is  based  on  an 
advection  and  dispersion  equation  with  additional  terms  to  account  for 
inflow  boundary  and  kinetics. 


d  d  d 

^(UC)  =  -f(QC)  Ax  +  f- 
ot  ox  ox 


AD^ 
x  dx 


Ax  +  SB  +  SK , 


(6.2) 


where 


ERDC/EL  TR-16-1 


179 


V  =  volume  of  the  water  quality  cell  (m3), 

C  =  concentration  of  a  constituent  (g  nrs), 

Dx  =  dispersion  coefficient  (m2  s_1), 

Sb  =  total  source  sink  term  representing  boundary  loading  rate  (g  s1), 
Sk  =  total  source  sink  term  representing  internal  rate  (g  S'1)- 

Equation  6.2  describes  the  transport  and  fate  of  constituents  in  stream 
networks.  The  dispersion  term,  which  is  the  second  term  on  the  right  side 
of  equation  6.2,  often  plays  a  small  role  in  l-D  water  quality  modeling 
(Fischer  et  al.  1979).  Two  options  are  available  for  defining  the  dispersion 
coefficient.  First,  the  user  can  simply  specify  estimated  values.  Secondly, 
the  dispersion  coefficient  is  internally  computed  based  on  the  channel’s 
hydraulics. 

The  above  mass  balance  relationship  is  the  same  regardless  of  the  state 
variable.  This  equation  requires  boundary  conditions  if  there  exists  a 
source  of  mass  at  a  location,  the  mass  being  introduced  must  be  accounted 
for.  Source  and  sink  terms  of  kinetic  change  occur  due  to  biochemical 
reactions  and  sediment- water  interactions.  These  are  obtained  from  the 
water  quality  modules  (TEMP.dll,  NSMI.dll,  and  NSMII.dll).  Water  quality 
modules  operate  on  local  variable  values  (e.g.,  local  temperature,  light,  and 
concentration)  and  return  local  sink  and  source  terms— they  need  not  be 
aware  of  their  physical  locations.  The  source  and  sink  terms  (Sk)  for  each 
of  the  state  variables  included  in  NSMI  and  NSMII  have  been  discussed  in 
Chapters  3  to  5. 

6.2.2  Numerical  solution 

Differential  equation  6.2  must  be  solved  numerically  because  the 
analytical  solution  to  the  full  equation  is  impossible  for  most  of  real  world 
cases.  To  present  a  numerical  solution,  a  schematic  diagram  of  a  l-D  river 
system  is  illustrated  in  Figure  20.  Each  element  or  segment  represents  a 
control  volume  over  which  the  governing  equations  apply.  Heat  and  mass 
pass  through  each  segment  by  advection  and  diffusion.  The  model  domain 
defines  the  spatial  limit  of  model  representation. 
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Figure  20.  Schematic  diagram  of  1-D  segmented  system. 


The  coupled  advection-dispersion-reaction,  equation  6.2,  that  governs  the 
behavior  of  constituents  in  aquatic  systems  is  conceptually  split  into  the 
reaction  part  (i.e.  sink  and  source  terms)  provided  by  water  quality  modules 
and  “everything  else,”  to  be  handled  by  the  hydraulic  model.  “Everything 
else”  includes  transport  (advection,  dispersion),  lateral  inflow,  and  any 
boundaries.  Effectively,  the  advection  -  dispersion  -  reaction  equation  is 
solved  (time  integrated)  by  the  hydraulic  model,  with  the  reaction  terms 
that  it  in  turn  obtains  from  the  active  water  quality  modules. 


Numerical  solutions  for  solving  differential  equations  may  be  loosely 
grouped  into  explicit  and  implicit  methods.  In  short,  explicit  methods 
compute  a  solution  using  values  of  the  dependent  variable  (for  example, 
constituent  concentration)  from  the  current  time  level.  Implicit  methods 
use  values  from  both  current  and  future  time  levels.  For  reasons  of 
accuracy,  efficiency,  and  stability,  the  QUICKEST-ULTIMATE  explicit 
numerical  scheme  has  been  implemented  in  HEC-RAS  (Leonard  1979, 
1991).  Using  this  scheme,  equation  6.2  is  approximated  as 


Vn+1cn+1  =VnCn  +At 


dC  DC 

Q  C  -  Q  C  +  D  A  —  -DA  — 

*-up  up  *-  an  an  an  an  up  up 

OX  dn  OX  ui 


+  At(SB+SK),  (6.3) 


where 


Cn+1  =  concentration  of  a  constituent  at  present  time  step  (g  m-3), 

Cn  =  concentration  of  a  constituent  at  previous  time  step  (g  m-3), 

Cup*  =  QUICKEST  concentration  of  a  constituent  at  upstream  (g  m-3), 

=  QUICKEST  derivative  of  a  constituent  at  upstream  (g  nr 4), 

OX  Up 

Cdn*  =  QUICKEST  concentration  of  a  constituent  at  downstream  (g  m-3), 
^r-  =  QUICKEST  derivative  of  a  constituent  at  downstream  (g  mn), 

dx  dn 

Dup  =  upstream  face  dispersion  coefficient  (m2  s1), 

Vn+1  =  volume  of  the  water  quality  cell  at  present  time  step  (m3), 

Vn  =  volume  of  the  water  quality  cell  at  previous  time  step  (m3), 
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QuP  =  upstream  face  flow  (m3  s'1), 

AuP  =  upstream  face  cross  section  area  (m2), 
Qdn  =  downstream  face  flow  (m3  s_1), 

Adn  =  downstream  face  cross  section  area  (m2). 


The  transport  scheme  used  is  common  to  all  water  quality  modules.  The 
primary  difference  in  NSMI  and  NSMII  is  in  the  number  of  state  variables. 
HEC-RAS  solves  equation  6.3  for  each  water  quality  cell  and  for  each  state 
variable  selected.  Equation  6.3  that  governs  the  behavior  of  constituents  in 
aquatic  systems  is  conceptually  split  into  the  reaction  part  (i.e.  sink  and 
source  terms)  provided  by  water  quality  modules  and  “everything  else,”  to 
be  handled  by  the  hydraulic  model.  “Everything  else”  includes  transport 
(advection,  dispersion),  lateral  inflow,  and  any  boundaries.  Effectively,  the 
advection  -  dispersion  -  reaction  equation  is  solved  (time  integrated)  by 
the  hydraulic  model,  with  the  reaction  terms  that  it  in  turn  obtains  from 
the  active  water  quality  modules.  During  each  time  step,  state  variable 
derivatives  are  computed  for  each  water  quality  cell  based  on  the 
biogeochemical  processes  (i.e.  reaction  kinetics)  included  in  NSMs. 
Hydraulic  information  required  for  executing  the  NSM  is  passed  from  the 
HEC-RAS  model.  This  step  provides  a  partial  computation  of  E  S  in 
equation  6.3.  The  effects  of  lateral  and  boundary  loads  are  added  to  the 
complete  computation  of  the  total  source  and  sink  term  in  equation  6.3. 
Finally,  concentrations  at  time  t+At  in  the  model  domain  combined  from 
transport,  kinetics,  and  external  loads  are  solved. 

The  water  quality  model’s  time  step  is  dynamically  computed  and  adjusted 
so  that  Courant  and  Peclet  constraints  are  automatically  met.  The  water 
quality  time  step  varies  throughout  a  model  run.  The  auto-stepping 
algorithm  estimates  the  maximum  time  step  to  maintain  stability.  This 
differs  from  the  hydraulic  model  where  the  user  may  specify  the  time  step. 
Typical  practice  in  water  quality  modeling  is  to  select  the  largest  time  step 
possible  to  minimize  computation  time  while  remaining  within  predefined 
model  stability  limits.  The  selection  of  the  time  step  within  the  transport 
model  must  satisfy  Courant  and  Peclet  constraints 

C„=u„^<0.9,  (6.4a) 


a.,..  =  D„ 


At 

Ax' 


<0.4, 


(6.4b) 
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where 

Cus  =  Courant  number, 

Uus  =  velocity  at  water  quality  cell  face  (m  s1), 

ecus  =  local  Peclet  number, 

Dus  =  dispersion  coefficient  at  water  quality  cell  face  (m2s_1). 

The  Courant  and  Peclet  numbers  are  cross  section  face  properties.  Both 
constraints  can  force  a  short  time  step  if  water  quality  cells  are  small. 
Therefore  small  water  quality  cells  within  the  model  domain  should  be 
avoided.  The  numerical  solution  of  above  equation  6.3  requires  initial  and 
boundary  conditions  for  each  state  variable  in  water  quality  modules. 

Boundary  conditions: 

The  QUICKEST  solution  uses  a  three-point  interpolation  scheme  to 
estimate  concentrations  at  a  face.  This  requires  that  the  solution  scheme 
know  the  concentration  in  the  two  upstream  cells  for  a  positive  flow  and 
the  two  downstream  cells  for  a  negative  flow.  Thus,  for  each  face,  four  cell 
numbers  are  required.  For  the  case  of  a  l-D  stream  network  shown  in 
Figure  20,  water  quality  boundary  conditions  are  required  at  the  upstream 
and  downstream  boundaries.  The  upstream  boundary  condition  is  the 
constituent  concentration  at  the  upstream  end  of  the  domain  during  the 
period  of  simulation.  The  downstream  boundary  condition  is  specified  as  a 
constant  longitudinal  gradient  of  constituent.  Where  flow  enters  or  leaves 
the  model  domain  (i.e.,  crosses  the  domain  boundary)  information  must 
be  supplied  to  the  model.  Lateral  boundary  conditions  can  be  specified 
either  of  two  approaches  within  the  model.  One  approach  is  to  specify  the 
concentrations  at  the  hydraulic  boundaries  where  in  which  concentrations 
of  state  variables  are  provided.  This  approach  requires  that  the  boundary 
receives  flows  from  the  hydraulic  model.  Concentrations  may  be  specified 
at  arbitrary  intervals.  The  other  approach  is  to  specify  the  inflow  boundary 
as  a  load  (mass/time)  where  the  inflow  enters.  The  product  of  flow  and 
concentration  is  load.  This  approach  does  not  require  a  flow  from  the 
hydraulic  model  at  the  boundary.  Some  water  quality  variables  are  best 
specified  as  a  concentration  at  the  inflow  boundary,  such  as  temperature 
and  dissolved  oxygen.  Other  water  quality  variables,  such  as  nutrients, 
may  be  more  conveniently  specified  as  loads. 
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Initial  conditions: 

The  above  differential  equations  also  require  starting  values  or  initial 
conditions  at  the  beginning  of  the  simulation  period.  These  initial 
conditions  may  consist  of  temperature  and  constituent  profile  conditions 
for  the  modeled  domain.  Initial  conditions  of  the  state  variables  must  be 
specified  in  each  water  quality  cell  (Figure  20).  They  are  used  only  to  start 
the  model  simulation.  Initial  conditions  can  be  derived  from  measured 
data,  from  other  model  simulations,  or  estimated.  Initial  conditions  of  the 
sediment  diagenesis  state  variables  can  be  defined  from  a  steady-state 
solution  included  in  the  sediment  diagenesis  module.  Because  the  assigned 
initial  concentrations  usually  do  not  reflect  the  actual  conditions  in  the 
system,  model  “spin-up”  (Thornton  and  Rosenbloom  2005)  is  often 
applied  to  create  quasi-steady-state  concentrations  and  then  used  for 
initial  conditions. 

6.3  Model  Inputs  and  Outputs 

To  run  a  water  quality  module  in  HEC-RAS,  a  working  hydraulic  model 
must  already  be  in  place.  Once  the  hydraulic  model  has  been  calibrated, 
the  user  can  turn  on  the  water  quality  modules  in  HEC-RAS.  Water  quality 
cells  are  initially  established  between  cross  sections.  The  user  can  adjust 
the  water  quality  cells  to  avoid  model  instability  and  longer  simulation 
times.  Note  that  model  results  can  often  be  improved  with  accurate 
channel  geometry,  planned  model  construct  based  on  specific  questions  to 
be  answered,  and  a  computational  cross-section-reach  configuration 
designed  to  capture  hydrodynamic,  thermal,  and  water  quality  constituent 
gradients.  The  HEC-RAS  model  GUI  is  responsible  for  handling  data  input 
and  output.  Input  and  output  data  for  the  HEC-RAS  model  with  water 
quality  modules  are  managed  as  shown  in  Figure  19. 

6.3.1  Water  quality  inputs 

Major  water  quality  model  inputs  include  meteorological  data,  measured 
boundary  input  water  quality  from  all  inflow  sources,  initial  water  quality 
throughout  the  modeled  reach,  and  water  quality  parameters.  Complete 
sets  of  meteorological  and  water  quality  data  at  the  appropriate  time 
intervals  are  required  for  all  low  flow  or  high  flow  conditions;  these  are 
used  for  model  development  and  calibration.  In  addition,  accurate 
measurements  of  water  quality  parameters  are  required  to  represent 
controlling  conditions  for  modeled  systems.  Model  calibration  requires  an 
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entire  set  of  several  types  of  data.  Proper  collection  of  complete  modeling 
data  sets  is  critical  to  ensure  adequate  model  calibration. 

Accurate  meteorological  data  is  an  essential  part  of  a  water  quality 
simulation.  These  data  points  provide  the  basis  for  coefficients  applied  in 
model  equations  affecting  water  quality.  Hourly  meteorological  data 
points  are  typically  required  for  modeling  water  quality  due  to  large 
fluctuations  in  air  temperature  and  solar  radiation.  There  are  often 
numerous  NWS  and  other  nearby  meteorological  stations  that  provide  this 
data.  Meteorological  data  influences  the  water  quality  processes  and 
should  reflect  actual  conditions  near  the  model  domain.  In  general, 
meteorological  stations  that  are  installed  near  the  water  body  specifically 
for  modeling  purposes  tend  to  produce  better  results.  The  following 
meteorological  data  is  needed  for  a  full  energy  balance  temperature 
simulation  module:  atmospheric  pressure,  air  temperature,  dew  point, 
humidity,  short-wave  radiation,  cloud  cover,  and  wind  speed. 

Inflow  temperature  and  water  quality  information  are  required  to  capture 
diurnal  thermal  and  water  quality  dynamics  for  water  quality  model 
development  and  calibration.  Adequate  temperature  and  water  quality 
data  must  be  collected  at  modeled  flow  boundaries  and  tributary  inflow 
locations.  If  more  complicated  water  quality  issues  must  be  modeled,  a 
significant  amount  of  data  collection  may  be  required  for  the  water  quality 
model  calibration. 

Local  water  quality  parameters  and  coefficients  used  to  describe 
biochemical  transformation  properties  of  the  model  domain  are  specified 
by  the  user.  Input  parameters  for  NSMI,  NSMII,  and  NSMII-SedFlux  have 
been  discussed  in  previous  chapters. 

6.3.2  Water  quality  outputs 

With  respect  to  output,  the  HEC-RAS  model  offers  a  mechanism  to  include 
the  water  quality  constituents  as  defined  by  the  water  quality  module  in  its 
output,  along  with  defining  any  pathway  and  diagnostic  variables.  The 
primary  outputs  of  a  HEC-RAS  water  quality  simulation  include 
concentrations  of  water  column  state  variables  at  designated  cells  and 
benthic  sediment-water  quality  concentrations  at  the  same  locations  (if 
the  benthic  sediment  diagenesis  is  being  activated).  In  addition,  derived 
water  quality  variables  and  pathway  fluxes  for  individual  biogeochemical 
process  are  available  for  model  outputs.  These  values  are  typically 
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produced  as  time  series  and/or  tabulated  values.  Desired  output 
parameters,  specific  locations,  reporting  time  interval,  period  of  interest, 
and  summary  statistics  can  be  defined.  The  model  also  produces  a  binary 
water  quality  output  file.  The  restart  output  file  is  produced  for  use  as 
input  in  subsequent  model  runs. 
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7  Summary 

The  Nutrient  Simulation  Modules  (NSMs)  are  developed  to  describe 
chemical,  biological  processes,  interactions  between  state  variables,  and 
the  physical  process  of  sedimentation  of  state  variables.  The  newly 
developed  NSMs  and  its  supporting  water  quality  modules  are  written  in 
Fortran  for  Windows  and  are  packaged  as  “plug  in”  DLLs.  Each  module 
must  be  coupled  with  available  H&H  models  in  order  to  perform  water 
quality  analysis  from  various  stressors.  It  can  be  implemented  as  a  basic 
water  quality  model  or  as  a  complex  eutrophication  model  depending  on 
the  needs  of  the  user.  The  NSMI  approach  for  water  quality  analysis 
provides  more  flexibility  where  each  state  variable  can  be  turned  on  and 
off.  This  approach  allows  for  the  rapid  assessments  that  can  be  conducted 
with  minimum  modeling  expertise  and  limited  data  input  requirements. 
NSMII  is  better  suited  than  NSMI  for  assessing  the  impact  for  multiple 
algae  groups  and  benthic  sediment  diagenesis  effects  on  water  quality.  The 
best  way  to  accurately  assess  water  quality  is  to  use  the  more  advanced 
models,  but  only  if  the  data  needs  of  the  models  can  be  met  and  there  is 
sufficient  time  to  run  the  data. 

This  report  provides  mathematical  and  programming  formulations  used 
within  the  newly  developed  NSMs  and  its  supporting  water  quality 
modules.  It  describes  the  basis  for  the  water  quality  modules  and  how  they 
are  formulated.  The  scientific  basis  of  the  NSMs  reflects  empirical  and 
theoretical  support  precedence  found  within  the  literature,  and  in  widely 
used  water  quality  models.  The  NSMs  have  been  tested  and  verified  with  a 
variety  of  examples,  and  compared  against  other  water  quality  models. 

The  results  from  the  comparison  showed  that  the  predictions  were  similar. 
Additional  validation  of  the  NSMs  against  observations  in  aquatic  systems 
is  underway. 

The  variable  names  in  the  report  correspond  to  those  used  in  the  computer 
code  so  that  the  mathematical  formulations  and  codes  can  be  compared. 
The  computer  codes  in  all  modules  has  been  checked  for  consistency  with 
the  formulations  described  in  the  report.  The  modularity  forms  the  basis 
for  the  flexibility  of  all  the  water  quality  modules,  including  the  ability  to 
add  and  modify  state  variables  and  processes  for  future  enhancement.  The 
water  quality  modules  have  been  integrated  into  HEC-RAS  with  pre-  and 
post-processer  to  setup  the  model,  perform  the  runs,  and  to  present  and 
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analyze  the  results.  This  report  is  primarily  intended  for  use  as  a  technical 
reference  for  applying  these  modules. 

Integrating  the  water  quality  modules  described  in  the  report  into  HEC- 
ResSim  (Hydrologic  Engineering  Center-Reservoir  System  Simulation) 
and  other  H&H  models  is  currently  planned  and  will  be  implemented  in 
the  future.  As  the  scope  and  scale  of  environmental  and  ecosystem  studies 
expands,  coupled  with  advances  in  science  and  improved  understanding, 
these  water  quality  modules  can  be  continuously  enhanced  and  further 
developed  through  revision  of  water  quality  formulations  and  computer 
codes. 
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Appendix  A:  Definition  of  Mathematical 
Symbols  used  in  the  TEMP 


Symbol 

Definition 

Units 

As 

surface  area  of  the  water  column 

m2 

a 

user  defined  coefficient  on  order  of  lO6 

unitless 

b 

user  defined  coefficient  on  order  of  lO6 

unitless 

c 

user  defined  coefficient  on  order  of  one 

unitless 

CP 

specific  heat  capacity  of  air  at  constant  pressure 

J  kg-1  "C1 

Cpw 

specific  heat  capacity  of  water 

J  kg-1  “C1 

Cl 

percent  sky  covered  with  clouds 

unitless 

Cps 

specific  heat  capacity  of  benthic  sediments 

J  kg1 "C1 

es 

saturated  vapor  pressure  at  water  temperature 

mb 

6a 

vapor  pressure  of  overlying  air 

mb 

f(Uw) 

wind  function 

m  s1 

g 

acceleration  of  gravity  (=  9.806) 

m  s~2 

h2 

sediment  layer  thickness 

m 

hr 

local  hour  angle 

rad 

Kr/Kw 

diffusivity  ratio 

unitless 

Kt 

overall  heat  exchange  coefficient 

Wm-2  “C1 

k(T) 

kinetic  rate  at  local  temperature 

d-1 

k(20) 

measured  kinetic  rate  at  20°C 

d-1 

L 

latent  heat  of  vaporization 

J  kg1 

P 

atmospheric  pressure 

mb 

Qnet 

net  heat  flux 

W  nr2 

Qsw 

short-wave  solar  radiation  flux 

W  m  -2 

Cfatm 

atmospheric  (downwelling)  longwave  radiation  flux 

W  nr2 

qb 

back  (upwelling)  longwave  radiation  flux 

W  nr2 

Qh 

sensible  heat  flux 

W  nr2 

Qi 

latent  heat  flux 

W  nr2 

Qsed 

sediment-water  heat  flux 

W  nr2 

qo 

extraterrestrial  radiation 

Witt2 

Qo 

solar  constant  (=  1360) 

W  nr2 

Rs 

reflectivity  of  the  water  surface 

unitless 
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Symbol 

Definition 

Units 

Ri 

Richardson  number 

unitless 

r 

normalized  radius  of  the  earth’s  orbit 

unitless 

t 

time 

d 

Tw 

water  temperature  in  Celsius 

°C 

Twk 

water  temperature  in  Kelvin 

°K 

Ta 

air  temperature  in  Celsius 

°C 

Tak 

air  temperature  in  Kelvin 

°K 

Tsed 

sediment  temperature 

°C 

Td 

dew  point  temperature 

°C 

Teq 

equilibrium  temperature 

°C 

Uw 

wind  speed  measured  at  a  fixed  height 

m  s1 

Uw2 

wind  speed  measured  at  2  m 

m  s*1 

Uw7 

wind  speed  measured  at  7  m 

m  S'1 

V 

volume  of  the  water  column  cell 

m3 

z 

station  height 

m 

zo 

wind  roughness  height 

m 

Greek 

as 

sediment  thermal  diffusivity 

m2  d-1 

at 

atmospheric  attenuation 

unitless 

a 

Stefan-Boltzman  constant 

W  nr2  °K~1 

5 

declination  of  the  sun 

rad 

<P 

latitude  of  the  site 

rad 

9 

temperature  correction  coefficient 

unitless 

pair 

density  of  moist  air  at  air  temperature 

kg  nr3 

Psat 

density  of  saturated  air  at  water  temperature 

kg  nr3 

Ps 

density  of  sediments 

kg  nr3 

Pw 

density  of  water 

kg  nr3 
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Appendix  B:  Definition  of  Mathematical 
Symbols  used  in  NSMI 


Symbol 

Definition 

Units 

A 

site  specific  parameter  for  turbidity 

unitless 

AP 

algae  (phytoplankton) 

pg-Chla  L1 

Apd 

algae  (dry  weight) 

mg-D  L 1 

Ab 

benthic  algae  biomass 

g-D  nr2 

Ac 

cross-sectional  area 

m2 

Aik 

alkalinity 

eq  L1 

AWd 

algal  dry  weight  stoichiometry 

mg-D 

AWc 

algal  carbon  stoichiometry 

mg-C 

AWn 

algal  nitrogen  stoichiometry 

mg-N 

AWP 

algal  phosphorus  stoichiometry 

mg-P 

AW  a 

algal  Chla  stoichiometry 

pg-Chla 

B 

site  specific  parameter  for  turbidity 

unitless 

BWd 

benthic  algae  dry  weight  stoichiometry 

mg-D 

BWC 

benthic  algae  carbon  stoichiometry 

mg-C 

BWn 

benthic  algae  nitrogen  stoichiometry 

mg-N 

BWp 

benthic  algae  phosphorus  stoichiometry 

mg-P 

BWa 

benthic  Chla  stoichiometry 

pg-Chla 

Bt 

top  width  of  the  channel 

m 

CBODi 

carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

CB0D5 

5-day  carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

CBODU 

ultimate  carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

Chib 

benthic  chlorophyll-a 

mg-Chla  nr2 

DIN 

dissolved  inorganic  nitrogen 

mg-N  L*1 

DIP 

dissolved  inorganic  phosphorus 

mg-P  L1 

DO 

dissolved  oxygen 

mg-02  L 1 

D0S 

dissolved  oxygen  saturation 

mg-02  L 1 

DIC 

dissolved  inorganic  carbon 

mol  L1 

DOC 

dissolved  organic  carbon 

mg-C  L1 

fcom 

fraction  of  carbon  in  organic  matter 

mg-C  mg-D1 

fdp 

dissolved  fraction  of  inorganic  P 

unitless 
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Symbol 

Definition 

Units 

fpp 

particulate  fraction  of  inorganic  P 

unitless 

Fc02 

fraction  of  CO2  in  total  inorganic  carbon 

unitless 

Fi 

preference  fraction  of  algal  uptake  from  NH4 

unitless 

F2 

preference  fraction  of  benthic  algae  uptake  from 

NH4 

unitless 

F pocp 

fraction  of  algal  mortality  into  POC 

unitless 

F pocb 

fraction  of  benthic  algal  mortality  into  POC 

unitless 

F w 

fraction  of  benthic  algae  mortality  into  the  water 
column 

unitless 

Fb 

fraction  of  bottom  area  available  for  benthic  algae 
growth 

unitless 

FL 

light  limiting  factor  for  algal  growth 

unitless 

FN 

N  limiting  factor  for  algal  growth 

unitless 

FP 

P  limiting  factor  for  algal  growth 

unitless 

FLb 

light  limiting  factor  for  benthic  algae  growth 

unitless 

FNb 

N  limiting  factor  for  benthic  algae  growth 

unitless 

FPb 

P  limiting  factor  for  benthic  algae  growth 

unitless 

FSb 

bottom  area  density  limiting  factor  for  benthic  algae 
growth 

unitless 

FLZ 

light  attenuation  factor  for  algal  growth  at  depth  z 

unitless 

lz 

PAR  intensity  at  a  depth  z  below  the  water  surface 

W  nr2 

lo 

surface  light  intensity 

W  nr2 

h 

water  depth 

m 

h2 

sediment  layer  thickness 

m 

ke(T) 

oxygen  reaeration  rate 

d-1 

kah(T) 

hydraulic  oxygen  reaeration  velocity 

m  d'1 

kaw(T) 

wind  oxygen  reaeration  velocity 

m  d-1 

kac(T) 

CO2  reaeration  rate 

d-1 

kbodi(T) 

CBOD  oxidation  rate 

d-1 

ksbodi(T) 

CBOD  sedimentation  rate 

d-1 

krp(T) 

algal  respiration  rate 

d-1 

kdnit(T) 

denitrification  rate 

d-1 

kdP(T) 

algal  mortality  rate 

d-1 

krb(T) 

benthic  algae  base  respiration  rate 

d-1 

kdb(T) 

benthic  algae  mortality  rate 

d-1 
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Symbol 

Definition 

Units 

k 

dpo4n 

partition  coefficient  of  inorganic  P  for  solid  “n” 

L  kg 1 

kpom(T) 

POM  dissolution  rate 

d-1 

kpom2(T) 

sediment  POM  dissolution  rate 

d-1 

kpoc(T) 

POC  hydrolysis  rate 

d-1 

kdoc(T) 

DOC  oxidation  rate 

d-1 

knit(T) 

nitrification  rate 

d-1 

kon(T) 

decay  rate  of  organic  N  to  NPU 

d-1 

koP(T) 

decay  rate  of  organic  P  to  DIP 

d-1 

kdx(T) 

pathogen  death  rate 

d-1 

Ks  Oxbodi 

half  saturation  oxygen  attenuation  constant  for 

CBOD  oxidation 

mg-02  L'1 

KsOxdn 

half-saturation  oxygen  inhibition  constant  for 
denitrification 

mg-02  L'1 

KsOxmc 

half  saturation  oxygen  attenuation  constant  for  the 
DOC  oxidation 

mg-02  L1 

K(T) 

Henry’s  Law  constant 

mol  L*1  atm1 

Knr 

oxygen  inhibition  factor  for  nitrification 

mg-02  L1 

Kl 

light  limiting  constant  for  algal  growth 

W  nr2 

Ksn 

half-saturation  N  limiting  constant  for  algal  growth 

mg-N  L1 

Ksp 

half-saturation  P  limiting  constant  for  algal  growth 

mg-P  L1 

KLb 

light  limiting  constant  for  benthic  algae  growth 

W  nr2 

KsNb 

half-saturation  N  limiting  constant  for  benthic  algae 

mg-N  L*1 

KsPb 

half-saturation  P  limiting  constant  for  benthic  algae 
growth 

mg-P  L*1 

Kssod 

half  saturation  oxygen  attenuation  constant  for  SOD 

mg-02  L1 

Ksb 

half-saturation  density  constant  for  benthic  algae 
growth 

g-D  nr2 

Ki 

first  acidity  constant 

mol  L*1 

K2 

second  acidity  constant 

mol  L1 

Kw 

ion  product  of  water 

(mol  L'1)2 

mn 

inorganic  suspended  solid  “n” 

mg  L1 

MW02 

molecular  weight  of  O2 

g  mol 1 

MWc02 

molecular  weight  of  CO2 

g  mol 1 

NH4 

ammonium 

mg-N  L*1 

N03 

nitrate 

mg-N  L1 
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Symbol 

Definition 

Units 

OrgN 

organic  nitrogen 

mg-N  L1 

OrgP 

organic  phosphorous 

mg-P  L1 

Patm 

atmospheric  pressure 

atm 

Pwv 

partial  pressure  of  water  vapor 

atm 

Pn 

NH4  preference  factor  for  algal  growth 

unitless 

PNb 

NH4  preference  factor  for  benthic  algae  growth 

unitless 

POC 

particulate  organic  carbon 

mg-C  L1 

POM 

particulate  organic  matter 

mg-D  L1 

P0M2 

sediment  particulate  organic  matter 

mg-D  L1 

PX 

pathogen 

cfu  (100  mL)1 

Pc02 

partial  pressure  of  CO2  in  the  atmosphere 

ppm 

Qsw 

short-wave  solar  radiation 

W  nr2 

r na 

algal  N  :  Chla  ratio 

mg-N  pg-Chla  1 

r pa 

algal  P  :  Chla  ratio 

mg-P  pg-Chla1 

r ca 

algal  C  :  Chla  ratio 

mg-C  pg-Chla  1 

r cd 

algal  C  :  D  ratio 

mg-C  mg-D1 

r da 

algal  D  :  Chla  ratio 

mg-D  pg-  Chla-1 

r oc 

O2  :  C  ratio  for  oxidation 

mg-02  mg-C1 

r on 

O2  :  N  ratio  for  nitrification 

mg-02  mg-N'1 

r nb 

benthic  algae  N  :  D  ratio 

mg-N  mg-D1 

rPb 

benthic  algae  P  :  D  ratio 

mg-P  mg-D1 

r cb 

benthic  algae  C  :  D  ratio 

mg-C  mg-D1 

r ab 

benthic  Chla:  D  ratio 

pg-Chla  mg-D1 

r po4 

sediment  release  rate  of  DIP 

g-P  mr2  d'1 

r nh4 

sediment  release  rate  of  NH4 

g-N  nr2  d-1 

r alkaa 

ratio  translating  algal  growth  into  Aik  if  NH4  is  the  N 
source 

eq  pg-Chla1 

r alkan 

ratio  translating  algal  growth  into  Aik  if  NO3  is  the  N 
source 

eq  pg-Chla  1 

r alkn 

ratio  translating  NH4  nitrification  into  Aik 

eq  mg-N'1 

r alkden 

ratio  translating  NO3  denitrification  into  Aik 

eq  mg-N'1 

r alkba 

ratio  translating  benthic  algae  growth  into  Aik  if  NH4 
is  the  N  source 

eq  mg-D'1 

r alkbn 

ratio  translating  benthic  algae  growth  into  Aik  if  NO3 
is  the  N  source 

eq  mg-D'1 
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Symbol 

Definition 

Units 

Rh 

channel  hydraulic  radius 

m 

si 

channel  slope 

unitless 

SOD(T) 

sediment  oxygen  demand 

g-C>2  nr2  d'1 

Twk 

water  temperature  in  Kelvin 

°K 

TIP 

total  inorganic  phosphorous 

mg-P  L1 

TON 

total  organic  nitrogen 

mg-N  L1 

TKN 

total  Kjeldahl  nitrogen 

mg-N  L'1 

TN 

total  nitrogen 

mg-N  L1 

TOP 

total  organic  phosphorus 

mg-P  L1 

TP 

total  phosphorus 

mg-P  L 1 

TOC 

total  organic  carbon 

mg-C  L1 

TSS 

Total  suspended  solids 

mg  L1 

u 

water  velocity 

m  S'1 

Vson 

organic  N  settling  velocity 

m  d-1 

Vsop 

organic  P  settling  velocity 

m  d-1 

Vsoc 

POC  settling  velocity 

m  d'1 

Vsom 

POM  settling  velocity 

m  d'1 

Vsa 

algal  settling  velocity 

m  d'1 

Vsp 

solids  settling  velocity 

m  d'1 

Vno3 

sediment  denitrification  transfer  velocity 

m  d-1 

Vx 

pathogen  settling  velocity 

m  d-1 

z 

depth  from  the  water  surface 

m 

C032~ 

carbonate  ion 

mol  L1 

H+ 

hydronium  ion 

mol  L*1 

H2CO3* 

sum  of  dissolved  carbon  dioxide  and  carbonic  acid 

mol  L1 

HCO3- 

bicarbonate  ion 

mol  L1 

OH- 

hydroxyl  ion 

mol  L1 

Greek 

a 

correction  coefficient 

Unitless 

CCpx 

light  efficiency  factor  for  pathogen  decay 

Unitless 

fJmxp(T) 

maximum  algal  growth  rate 

d-1 

Up 

algal  growth  rate 

d-1 

jUmxb(T) 

maximum  benthic  algae  growth  rate 

d-1 
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Symbol 

Definition 

Units 

JUb 

growth  rate  for  benthic  algae 

d-1 

A 

light  attenuation  coefficient 

nr1 

Ao 

background  light  attenuation 

nr1 

As 

light  attenuation  by  inorganic  suspended  solids 

L  mg1  nr1 

Am 

light  attenuation  by  organic  matter 

L  mg-1  rrr1 

Ai 

linear  light  attenuation  by  algae 

nr1  (pg-Chla  L1)1 

A2 

nonlinear  light  attenuation  by  algae 

rrr1  (pg-Chla  L1)- 

2/3 

W2 

sediment  burial  rate 

m  d-1 
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Appendix  C:  Definition  of  Mathematical 
Symbols  used  in  NSMII 


Symbol 

Definition 

Units 

Apd 

algae  (dry  weight) 

mg-D  L1 

A  pi 

algae  (phytoplankton) 

pg-Chla  L1 

At, 

benthic  algae 

g-D  nr2 

Aik 

alkalinity 

mg-CaC03  L1 

AWdi 

algal  dry  weight  stoichiometry 

mg-D 

AWci 

algal  carbon  stoichiometry 

mg-C 

AWni 

algal  nitrogen  stoichiometry 

mg-N 

AW Pi 

algal  phosphorus  stoichiometry 

mg-P 

AWai 

algal  Chla  stoichiometry 

pg-Chla 

AWsi 

algal  silica  stoichiometry 

mg-Si 

BSi 

particulate  biogenic  silica 

mg-Si 

BWd 

benthic  algae  dry  weight  stoichiometry 

mg-D 

BWc 

benthic  algae  carbon  stoichiometry 

mg-C 

BWn 

benthic  algae  nitrogen  stoichiometry 

mg-N 

BWp 

benthic  algae  phosphorus  stoichiometry 

mg-P 

BWa 

benthic  Chla  stoichiometry 

pg-Chla 

CBODi 

carbonaceous  biochemical  oxygen  demand 

mg-02  L1 

CB0D5 

5-day  carbonaceous  biochemical  oxygen  demand 

mg-02  L 1 

CH4 

dissolved  methane 

mg-02  L1 

Chla 

chlorophyll-a 

pg-Chla  L1 

Chib 

benthic  chlorophyll-a 

mg-Chla  L2 

Cl 

chloride 

mg  L1 

DIN 

dissolved  inorganic  nitrogen 

mg-N  L1 

DIP 

dissolved  inorganic  phosphorus 

mg-P  L1 

DO 

dissolved  oxygen 

mg-02  L1 

D0S 

dissolved  oxygen  saturation 

mg-02  L1 

DOC 

dissolved  organic  carbon 

mg-C  L1 

DON 

dissolved  organic  nitrogen 

mg-N  L1 

DOP 

dissolved  organic  phosphorus 

mg-P  L1 

DIC 

dissolved  inorganic  carbon 

mol  L1 
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Symbol 

Definition 

Units 

DSi 

dissolved  silica 

mg-Si 

fcom 

fraction  of  carbon  in  organic  matter 

mg-C  mg-D1 

fpp 

particulate  fraction  of  inorganic  P 

unitless 

F rponp 

fraction  of  algal  mortality  into  RPON 

unitless 

F Iponp 

fraction  of  algal  mortality  into  LPON 

unitless 

F rpopp 

fraction  of  algal  mortality  into  RPOP 

unitless 

F Ipopp 

fraction  of  algal  mortality  into  LPOP 

unitless 

F rpocp 

fraction  of  algal  mortality  into  RPOC 

unitless 

F Ipocp 

fraction  of  algal  mortality  into  LPOC 

unitless 

F rdocp 

fraction  of  algal  mortality  into  RDOC 

unitless 

Fco2 

fraction  of  CO2  in  total  inorganic  carbon 

unitless 

Fbsi 

fraction  of  algal  mortality  into  BSi 

unitless 

F rponb 

fraction  of  benthic  algae  mortality  into  RPON 

unitless 

F Iponb 

fraction  of  benthic  algae  mortality  into  LPON 

unitless 

F rpopb 

fraction  of  benthic  algae  mortality  into  RPOP 

unitless 

F Ipopb 

fraction  of  benthic  algae  mortality  into  LPOP 

unitless 

F rpocb 

fraction  of  benthic  algae  mortality  into  RPOC 

unitless 

F Ipocb 

fraction  of  benthic  algae  mortality  into  LPOC 

unitless 

F rdocb 

fraction  of  benthic  algae  mortality  into  RDOC 

unitless 

F w 

fraction  of  benthic  algae  mortality  into  the  water  column 

unitless 

Fb 

fraction  of  bottom  area  available  for  benthic  algae 
growth 

unitless 

FLpl 

light  limiting  factor  for  algal  growth 

unitless 

FNPi 

algal  nutrient  limiting  factor 

unitless 

FTp, 

effect  of  temperature  on  algal  growth 

unitless 

F Oxpi 

oxygen  attenuation  for  algal  respiration 

unitless 

Foxb 

oxygen  attenuation  for  benthic  algal  respiration 

unitless 

FLb 

light  limiting  factor  for  benthic  algae  growth 

unitless 

FNb 

nutrient  limiting  factor  for  benthic  algae  growth 

unitless 

FTb 

temperature  effect  factor  on  benthic  algal  growth 

unitless 

FSb 

bottom  area  density  limiting  factor  for  benthic  algae 
growth 

unitless 

FLZ 

light  limiting  factor  for  algal  growth  at  depth  z 

unitless 

lz 

PAR  intensity  at  a  depth  z  below  the  water  surface 

W  nr2 
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Symbol 

Definition 

Units 

lo 

surface  light  intensity 

Wm-2 

h 

water  depth 

m 

HxS 

total  dissolved  sulfides 

mg-02  L1 

H2S 

dissolved  hydrogen  sulfide 

mg-02  L1 

HS 

bisulfide  ion 

mg-02  L1 

kbodi(T) 

CBOD  oxidation  rate 

d'1 

ksbodi(T) 

CBOD  sedimentation  rate 

d'1 

krpi(T) 

algal  respiration  rate 

d'1 

kdpi(T) 

algal  mortality  rate 

d-1 

krb(T) 

benthic  algae  base  respiration  rate 

d-1 

kdb(T) 

benthic  algae  mortality  rate 

d'1 

kdpo4n 

partition  coefficient  of  inorganic  P  for  solid  "n” 

L  kg 1 

ktpn 

effect  of  temperature  below  Top  on  algal  growth 

°C‘2 

ktP2i 

effect  of  temperature  above  Top  on  algal  growth 

oc-2 

ktbi 

effect  of  temperature  below  Top  on  benthic  algal  growth 

00-2 

ktb2 

effect  of  temperature  above  Top  on  benthic  algal  growth 

0C-2 

ka(T) 

oxygen  reaeration  rate 

d'1 

krpon(T) 

hydrolysis  rate  of  RPON 

d'1 

klpon(T) 

hydrolysis  rate  of  LPON 

d-1 

kdon(T) 

mineralization  rate  of  DON 

d-1 

khs(T) 

HS  oxidation  rate 

L  mg-021  d'1 

kah2s(T) 

H2S  reaeration  rate 

d-1 

kbsi(T) 

BSi  dissolution  rate 

d-1 

knit(T) 

nitrification  rate 

d-1 

kdnit(T) 

denitrification  rate 

d-1 

kah(T) 

hydraulic  derived  oxygen  reaeration  rate 

d-1 

kaw(T) 

wind  derived  oxygen  reaeration  rate 

m  d-1 

krpop(T) 

RPOP  hydrolysis  rate 

d-1 

kipop(T) 

LPOP  hydrolysis  rate 

d'1 

kdop(T) 

DOP  mineralization  rate 

d'1 

krpoc(T) 

RPOC  hydrolysis  rate 

d'1 

kipoc(T) 

LPOC  hydrolysis  rate 

d'1 

kpom(T) 

POM  decay  rate 

d-1 
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Symbol 

Definition 

Units 

krdoc(T) 

RDOC  mineralization  rate 

d-1 

kldoc(T) 

LDOC  mineralization  rate 

d-1 

Kh(T) 

Henry’s  Law  constant 

mol  L*1  atm1 

kac(T) 

CO2  reaeration  coefficient 

d'1 

ktbi 

effect  of  temperature  below  Tob  on  benthic  algal  growth 

°C‘2 

ktb2 

effect  of  temperature  above  Tob  on  benthic  algal  growth 

oC-2 

Ku 

light  limiting  constant  for  algal  growth 

W  nr2 

Ksnxpi 

half-saturation  NH4  preference  constant  for  algal  uptake 

mg-N  L1 

KsOxpi 

half-saturation  oxygen  attenuation  constant  for  algal 
respiration 

mg-02  L-1 

KsNpi 

half-saturation  N  limiting  constant  for  algal  growth 

mg-N  L1 

KsPpi 

half-saturation  P  limiting  constant  for  algal  growth 

mg-P  L1 

KsSipi 

Half-saturation  Si  limiting  constant  for  algal  growth 

mg-Si  L1 

KsSi 

Half-saturation  Si  constant  for  dissolution 

mg-Si  L1 

KsOxmn 

half-saturation  oxygen  attenuation  constant  for  DON 
mineralization 

mg-02  L1 

KsOxna 

half-saturation  oxygen  attenuation  constant  for 
nitrification 

mg-02  L1 

KsOxdn 

half-saturation  oxygen  attenuation  constant  for 
denitrification 

mg-02  L-1 

Ks  Oxmp 

half-saturation  oxygen  attenuation  constant  for  DOP 
mineralization 

mg-02  L1 

KsOxmc 

half-saturation  oxygen  attenuation  constant  for  DOC 
mineralization 

mg-02  L1 

Kssod 

half  saturation  oxygen  attenuation  constant  for  SOD 

mg-02  L-1 

KLb 

light  limiting  constant  for  benthic  algae  growth 

W  nr2 

Ks  Oxb 

half-saturation  oxygen  attenuation  coefficient  for 
benthic  algae  respiration 

mg-02  L-1 

Ksnxb 

half-saturation  NH4  preference  constant  for  benthic 
algae  uptake 

mg-N  L1 

KsNb 

half-saturation  N  limiting  constant  for  benthic  algae 
growth 

mg-N  L1 

KsPb 

half-saturation  P  limiting  constant  for  benthic  algae 
growth 

mg-P  L1 

Ksb 

half-saturation  density  constant  for  benthic  algae  growth 

g-D  nr2 

KsOhs 

half  saturation  oxygen  attenuation  constant  for  HS 
oxidation 

mg-02  L*1 

LPON 

labile  particulate  organic  nitrogen 

mg-N  L1 

ERDC/EL  TR-16-1 


208 


Symbol 

Definition 

Units 

LPOP 

labile  particulate  organic  phosphorus 

mg-P  L1 

LPOC 

labile  particulate  organic  carbon 

mg-C  L1 

LDOC 

labile  dissolved  organic  carbon 

mg-C  L1 

mn 

inorganic  suspended  solid  “n” 

mg  L1 

NH4 

ammonium 

mg-N  L1 

N03 

nitrate 

mg-N  L1 

PNpi 

preference  fraction  of  algal  uptake  from  NH4 

unitless 

PNb 

NH4  preference  factor  for  benthic  algae  growth 

unitless 

^002 

partial  pressure  of  CO2  in  the  atmosphere 

ppm 

POC 

particulate  organic  carbon 

mg-C  L-1 

POM 

particulate  organic  matter 

mg-D  L1 

PX 

pathogen 

cfu  (100  mL)-1 

RPON 

refractory  particulate  organic  nitrogen 

mg-N  L'1 

RPOP 

refractory  particulate  organic  phosphorus 

mg-P  L1 

RPOC 

refractory  particulate  organic  carbon 

mg-C  L1 

RDOC 

refractory  dissolved  organic  carbon 

mg-C  L1 

r dai 

algal  D  :  Chla  ratio 

mg-D1  pg-  Chla1 

r nai 

algal  N  :  Chla  ratio 

mg-N  pg-Chla1 

r pai 

algal  P  :  Chla  ratio 

mg-P  pg-Chla  1 

r cai 

algal  C  :  Chla  ratio 

mg-C  pg-Chla1 

r cdi 

algal  C  :  D  ratio 

mg-C  mg-D1 

r siai 

algal  Si  :  Chla  ratio 

mg-Si  pg-Chla1 

r oc 

O2  :  C  ratio  for  oxidation 

mg-02  mg-C1 

r on 

O2  :  N  ratio  for  nitrification 

mg-02  mg-N1 

r nb 

benthic  algae  N  :  D  ratio 

mg-N  mg-D1 

rPb 

benthic  algae  P  :  D  ratio 

mg-P  mg-D1 

r cb 

benthic  algae  C  :  D  ratio 

mg-C  mg-D1 

r ab 

benthic  Chla  :  D  ratio 

pg-Chla  mg-D1 

r ccai 

algal  mol-C  :  Chla  ratio 

mol-C  pg-Chla-1 

r ccb 

benthic  algae  mol-C  :  D  ratio 

mol-C  mg-D1 

r alkaai 

ratio  translating  algal  growth  into  Aik  if  NH4  is  the  N 
source 

eq  pg-Chla  1 

r alkani 

ratio  translating  algal  growth  into  Aik  y  if  NO3  is  the  N 
source 

eq  pg-Chla  1 
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Symbol 

Definition 

Units 

r alkn 

ratio  translating  NH4  nitrification  into  Aik 

eq  mg-N-1 

f alkden 

ratio  translating  NO3  denitrification  into  Aik 

eq  mg-N'1 

r alkba 

ratio  translating  benthic  algae  growth  into  Aik  if  NH4  is 
the  N  source 

eq  mg-D'1 

r alkbn 

ratio  translating  benthic  algae  growth  into  Aik  if  NO3  is 
the  N  source 

eq  mg-D'1 

r po4 

sediment  release  rate  of  DIP 

g-P  nr2  d1 

r nh4 

sediment  release  rate  of  NH4 

g-N  nr2  d'1 

r si 

sediment  release  rate  of  DSi 

g-Si  nr2  d1 

rh2  s 

sediment  release  rate  of  H2S 

g-02  m  2  d"1 

S/s 

Si  saturation 

mg-Si  L1 

Salt 

salinity 

ppt 

SOD(T) 

sediment  oxygen  demand 

g-02  m  2  d'1 

Twk 

water  temperature  in  Kelvin 

°K 

Topi 

optimal  temperature  for  algal  growth 

°C 

Tob 

optimal  temperature  for  benthic  algal  growth 

°C 

TIP 

total  inorganic  phosphorous 

mg-P  L1 

TON 

total  organic  nitrogen 

mg-N  L1 

TKN 

total  Kjeldahl  nitrogen 

mg-N  L1 

TN 

total  nitrogen 

mg-N  L1 

TOP 

total  organic  phosphorus 

mg-P  L1 

TP 

total  phosphorus 

mg-P  L1 

TOC 

total  organic  carbon 

mg-C  L1 

TSS 

total  suspended  solids 

mg  L1 

UwlO 

wind  speed  measured  at  10  m  above  the  water  surface 

m  s*1 

Vsai 

algal  settling  velocity 

m  d'1 

Vs  pi 

solids  settling  velocity 

m  d'1 

Vs  r 

refractory  particulate  organic  matter  settling  velocity 

m  d-1 

Vs/ 

labile  particulate  organic  matter  settling  velocity 

m  d'1 

Vbsi 

BSi  settling  velocity 

m  d'1 

Vno3 

sediment  denitrification  transfer  velocity 

m  d-1 

Greek 

IJmxpi 

maximum  algal  growth  rate 

d-1 

fipi(T) 

algal  growth  rate 

d-1 
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Symbol 

Definition 

Units 

jUmxb 

maximum  benthic  algae  growth  rate 

d-1 

JUb 

growth  rate  for  benthic  algae 

d-1 

A 

light  attenuation  coefficient 

nrv1 

Ao 

background  light  attenuation 

nrv1 

As 

light  attenuation  by  suspended  solids 

L  mg1  nr1 

Am 

light  attenuation  by  organic  matter 

L  mg1  nr1 

Ai 

linear  light  attenuation  by  algae 

nrv1  (pg-Chla  L1)'1 

A2 

nonlinear  light  attenuation  by  algae 

nr1  (|jg-Chla  L1)- 

2/3 
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Appendix  D:  Definition  of  Mathematical 
Symbols  used  in  the  Sediment  Diagenesis 
Module 


Symbol 

Definition 

Units 

an 

matrix  coefficient 

unitless 

ai2 

matrix  coefficient 

unitless 

a2i 

matrix  coefficient 

unitless 

a22 

matrix  coefficient 

unitless 

bi 

matrix  coefficient 

unitless 

b2 

matrix  coefficient 

unitless 

BSi 

particulate  biogenic  silica 

mg-Si  L1 

BSh 

sediment  particulate  biogenic  silica 

mg-Si  L1 

Css/' 

solids  concentration  in  sediment  layer  / 

kg  L1 

CH4i 

methane  in  sediment  layer  / 

mg-02  L1 

CH4S 

methane  saturation 

mg-02  L1 

CSOD 

carbonaceous  SOD 

g-C>2  nr2  d1 

CSOD  max 

maximum  CSOD 

g-C>2  nr2  d1 

CS0Dch4 

SOD  generated  by  CH4  oxidation 

g-C>2  nr2  d  1 

DICi 

dissolved  inorganic  carbon  in  sediment  layer  i 

M-C  L1 

DIP: 

dissolved  inorganic  P  in  sediment  layer  i 

mg-P  L1 

DSi, 

dissolved  silica  in  sediment  layer  i 

mg-Si  L1 

O 

o 

Q 

critical  oxygen  for  incremental  inorganic  P  partition 

mg-02  L1 

Dd(T) 

sediment  pore-water  diffusion  coefficient 

irUd-1 

Dp(T) 

sediment  particle  phase  mixing  diffusion  coefficient 

rr^d-1 

fcom 

fraction  of  carbon  in  organic  matter 

mg-C  mg-D1 

fdpi 

dissolved  fraction  of  inorganic  P  in  sediment  layer  / 

unitless 

fppi 

particulate  fraction  of  inorganic  P  in  sediment  layer  / 

unitless 

fdhi 

dissolved  fraction  of  H2S  in  sediment  layer  i 

unitless 

fphi 

particulate  fraction  of  H2S  in  sediment  layer  i 

unitless 

fdsii 

dissolved  fraction  of  Si  in  sediment  layer  i 

unitless 

fpsii 

particulate  fraction  of  Si  in  sediment  layer  i 

unitless 

F Oxnal 

oxygen  attenuation  factor  for  sediment  nitrification 

unitless 

Foxchl 

oxygen  attenuation  factor  for  sediment  CPU  oxidation 

unitless 

ERDC/EL  TR-16-1 


212 


Symbol 

Definition 

Units 

Frponi 

fraction  of  RPON  deposit  to  sediment  PON  G1 

unitless 

FrpON2 

fraction  of  RPON  deposit  to  sediment  PON  G2 

unitless 

Frpopi 

fraction  of  RPOP  deposit  to  sediment  POP  G1 

unitless 

F RPOP2 

fraction  of  RPOP  deposit  to  sediment  POP  G2 

unitless 

Frpoci 

fraction  of  RPOC  deposit  to  sediment  POC  G1 

unitless 

FrpoC2 

fraction  of  RPOC  deposit  to  sediment  POC  G2 

unitless 

Fapi 

fraction  of  algae  deposit  to  sediment  G1 

unitless 

F AP2 

fraction  of  algae  deposit  to  sediment  G2 

unitless 

Fabi 

fraction  of  dead  benthic  algae  to  sediment  G1 

unitless 

F AB2 

fraction  of  dead  benthic  algae  to  sediment  G2 

unitless 

h 

overlying  water  depth 

m 

h2 

sediment  layer  thickness 

m 

hso4 

thickness  of  sediment  S04  penetration 

m 

H2SI 

dissolved  hydrogen  sulfide  in  sediment  layer  i 

mg-02  U1 

JBSi 

total  deposition  to  sediment  BSi 

g-Si  m  2  d'1 

Jp0C,G1 

total  deposition  to  sediment  POC  G1 

g-C  m-2  d'1 

JpOC,G2 

total  deposition  to  sediment  POC  G2 

g-C  rrr2  d1 

Jpoc,  G3 

total  deposition  to  sediment  POC  G3 

g-C  rrr2  d'1 

JpON.Gl 

total  deposition  to  sediment  PON  G1 

g-N  nr2  d'1 

J  PON, G2 

total  deposition  to  sediment  PON  G2 

g-N  nr2  d'1 

JpON,G3 

total  deposition  to  sediment  PON  G3 

g-N  nr2  d'1 

JpOP.Gl 

total  deposition  to  sediment  POP  G1 

g-P  nr2  d'1 

JpOP,G2 

total  deposition  to  sediment  POP  G2 

g-P  nr2  d'1 

JpOP,G3 

total  deposition  to  sediment  POP  G3 

g-P  nr2  d'1 

Jc,Gl 

sediment  POC  G1  diagenesis  flux 

g-C  rrr2  d'1 

Jc,G2 

sediment  POC  G2  diagenesis  flux 

g-C  rrr2  d-1 

Jc 

sediment  POC  diagenesis  flux 

g-C  nr2  d-1 

Jcc 

total  sediment  POC  diagenesis  flux  corrected  for 
denitrification 

g-0  rrr2  d'1 

Jc,CH4 

sediment  POC  diagenesis  into  CPU 

g-02  nr2  d1 

Jc,H2S 

sediment  POC  diagenesis  into  PUS 

g-02  rrr2  d1 

Jn,  G1 

sediment  PON  G1  diagenesis  flux 

g-N  nr2  d'1 

Jn,  G2 

sediment  PON  G2  diagenesis  flux 

g-N  nr2  d'1 

Jn 

sediment  PON  diagenesis  flux 

g-N  nr2  d'1 
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Jp,Gl 

sediment  POP  G1  diagenesis  flux 

g-P  nr2  d'1 

Jp,G2 

sediment  POP  G2  diagenesis  flux 

g-P  nr2  d'1 

JP 

sediment  POP  diagenesis  flux 

g-P  nr2  d'1 

Jsi 

sediment  BSi  dissolution 

g-Si  m  2  d'1 

kbsi2(T) 

sediment  BSi  dissolution  rate 

d-1 

kdnMi 

partition  coefficient  of  NH4  in  sediment  layer  i 

L  kg 1 

kdh2si 

partition  coefficient  of  H2S  in  sediment  layer  i 

L  kg 1 

kdpo4i 

partition  coefficient  of  inorganic  P  in  sediment  layer  i 

L  kg 1 

kdsii 

partition  coefficient  of  Si  in  sediment  layer  i 

L  kg 1 

kdi 

partition  coefficient  in  sediment  layer  / 

L  kg 1 

kst 

decay  rate  for  benthic  stress 

d-1 

Kloi 

sediment-water  mass  transfer  velocity 

m  d-1 

Kl12 

dissolved  mass  transfer  velocity  between  sediment  layers 

m  d-1 

Kl12,S04 

sediment  sulfate  specific  mass-transfer  velocity 

m  d-1 

KsOxch 

half-saturation  oxygen  constant  for  sediment  CPU  oxidation 

mg-02  L1 

KsOxnal 

half-saturation  oxygen  constant  for  sediment  nitrification 

mg-02  L1 

KsNh4 

half-saturation  NH4  constant  for  sediment  nitrification 

mg-N  L1 

KsOxpm 

half-saturation  oxygen  constant  for  sediment  particle  phase 
mixing 

mg-02  L1 

Kpongi(T) 

sediment  PON  G1  diagenesis  rate 

d-1 

Kpong2(T) 

sediment  PON  G2  diagenesis  rate 

d-1 

Kpopgi(T) 

sediment  POP  G1  diagenesis  rate 

d-1 

Kpopg2(T) 

sediment  POP  G2  diagenesis  rate 

d-1 

Kpocgi(T) 

sediment  POC  G1  diagenesis  rate 

d-1 

Kp0CG2(T) 

sediment  POC  G2  diagenesis  rate 

d-1 

KsDp 

half-saturation  oxygen  constant  for  sediment  particle  mixing 

mg-02  L'1 

KsSi 

half-saturation  Si  constant  for  dissolution 

mg-Si  L1 

KsS04 

S04  half-saturation  constant  for  S04  reduction 

g-02  m  3 

ksh2s 

H2S  oxidation  normalization  constant 

g-02  m-3 

N03i 

nitrate  in  sediment  layer  i 

mg-N  L1 

NH4i 

ammonium  in  sediment  layer  i 

mg-N  L1 

NSOD 

nitrogenous  SOD 

g-02  m  2  d1 

P0M2 

sediment  particulate  organic  matter 

mg-D  L  *1 

POCg/,2 

sediment  particulate  organic  carbon  Gi 

mg-C  L1 
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P0C2 

sediment  total  particulate  organic  carbon 

mg-C  L1 

POCr 

reference  POCgi  for  sediment  particle  phase  mixing 

mg-C  g 1 

PONgi.2 

sediment  particulate  organic  nitrogen  Gi 

mg-N  L1 

PON2 

sediment  total  particulate  organic  nitrogen 

mg-N  L1 

POPg/,2 

sediment  particulate  organic  phosphorous  Gi 

mg-P  L1 

POP2 

sediment  total  particulate  organic  phosphorous 

mg-P  L1 

r on 

O2  :  N  ratio  for  nitrification 

g-02  g-N1 

S04 

freshwater  sulfate 

mg-02  L1 

Sh 

total  silica  in  sediment  layer  i 

mg-Si  L1 

Sk 

Si  saturation 

mg-Si  L1 

S04i 

sulfate  in  sediment  layer  i 

mg-02  L1 

ST 

sediment  benthic  stress 

d 

TH2S1 

total  sulfide  in  sediment  layer  i 

mg-02  L1 

TNH4; 

total  ammonium  in  sediment  layer  i 

mg-N  L1 

TIP: 

total  inorganic  phosphorous  in  sediment  layer  i 

mg-P  L1 

VnM,l(20) 

sediment  layer  1  nitrification  transfer  velocity  at  20°C 

m  d'1 

Vnh4,l(T) 

sediment  layer  1  nitrification  transfer  velocity 

m  d'1 

Vno3,l(20) 

sediment  layer  1  denitrification  transfer  velocity  at  20°C 

m  d'1 

Vno3,l(T) 

sediment  layer  1  denitrification  transfer  velocity 

m  d'1 

Vch4,l(20) 

sediment  layer  1  CH4  oxidation  transfer  velocity  at  20°C 

m  d-1 

Vch4,l(T) 

sediment  layer  1  CH4  oxidation  transfer  velocity 

m  d-1 

Vh2s,d(20) 

sediment  layer  1  H2S  dissolved  oxidation  transfer  velocity  at 
20°C 

m  d-1 

Vh2s,d(T) 

sediment  layer  1  H2S  dissolved  oxidation  transfer  velocity 

m  d-1 

Vh2s,p(20) 

sediment  layer  1  H2S  particulate  oxidation  transfer  velocity  at 
20°C 

m  d-1 

Vh2s,p(T) 

sediment  layer  1  H2S  particulate  oxidation  transfer  velocity 

m  d'1 

Vno3,2(20) 

sediment  layer  2  denitrification  transfer  velocity  at  20°C 

m  d'1 

Vno3,2(T) 

sediment  layer  2  denitrification  transfer  velocity 

m  d'1 

W2 

sediment  burial  rate 

m  d'1 

(012 

sediment  particle  phase  mixing  transfer  velocity  due  to 
bioturbation 

m  d-1 

Akpo4i 

incremental  partition  coefficient  of  sediment  inorganic  P 

unitless 

Aksn 

incremental  partition  coefficient  of  sediment  Si 

unitless 
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